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ABSTRACT 
 
This study establishes a spatially distributed domestic water well groundwater quality 
data set, throughout the Fayetteville Shale Gas Play (FSGP) in central Arkansas. The data set 
facilitates characterization of the geology and groundwater quality across the study area, benefits 
residents who may have concerns about the potential impacts on their well water quality, and 
provides a groundwater quality basis to which complaints can be compared and resolved.  
The assessment included: research of the study area, site reconnaissance, water sampling and 
collection, interviews with owners of the property, analytical analysis, Quality Assurance and 
Quality Control, and groundwater data interpretation. 
 The study area is a mixture of: agriculture, national forestry, wetlands, pasture/rangeland, 
residential development, industrial, and natural gas exploration and extraction.  Out of 105 
samples analyzed, 104 met the EPA’s Safe Drinking Water (SDW) Maximum Contaminant 
Levels with one exceeding the SDW standards for nitrate as nitrogen.  Two constituents (iron 
and manganese) exceeded the EPA’s SDW SMCLs in several of the groundwater samples, but 
pose no health risks to humans.  Based on the data of 105 groundwater samples, all wells were 
within the pre-existing groundwater quality parameters for central Arkansas as compared to 
historical data from the U.S. Geological Survey, and others.  A few groundwater samples showed 
outliers, possibly due to: anthropogenic conditions, laboratory errors or field collection issues.   
 The direct rock/water interaction and redox processes that contribute to the groundwater 
quality in the study area are controlled by three factors 1) recharge percolating through thin 
organic rich soils 2) domestic water wells withdrawing from vertical fractures that interact with 
multiple lithologies dominated by sandstones and shales, and 3) normal south-trending faults and 
 
 
very low permeability in the Western Interior Plains Confining system that results in small 
isolated basins that are dominated by short lateral flow to seeps and springs.      
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1.0 INTRODUCTION 
 
Natural gas production has increased from 28% of the United States total natural gas 
production in 1998 to 46% in 2007, due to the advent of technological advances in horizontal 
drilling and hydraulic fracturing (Arthur et al., 2008).  The natural gas production has increased 
in unconventional natural gas plays such as shale basins which are located within geologic 
structural basins created from tectonics that warped once flat lying sediments.  The increase in 
shale gas production across the United States (Figure 1.1) has the public’s attention focused on 
hydraulic fracturing and the potential effects on groundwater quality.  Hydraulic fracturing is a 
method used to stimulate the flow of gas, particularly from low-permeability shale formations, 
towards a wellbore for extraction.  Hydraulic fracturing helps to increase production of natural 
gas helping to meet the growing demand for energy, and has expanded oil and gas exploration 
and production activities into areas without a long history of exposure to the industry where 
residents are unfamiliar and mistrustful of potential problems. 
In Arkansas, the Fayetteville Shale of the Arkoma Basin (Figure 1.2) is the current 
primary targeted Formation for natural gas exploration and production.  Residents in central 
Arkansas have expressed concerns about the potential impacts the extensive development and 
extraction of natural gas from the Fayetteville Shale may have on the aquifers that supply their 
domestic water wells.  
This report documents a study conducted through the University of Arkansas 
Geosciences Department which looked at six counties overlaying the Fayetteville Shale Gas Play 
(FSGP), across central Arkansas (Figure 1.2): Cleburne, Conway, Faulkner, Pope, Van Buren 
and White, subsequently referred to in this report as the “study area.”
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1.1 Purpose 
The purpose of the study was to establish a spatially distributed data set of water quality 
from shallow domestic wells across the study area, provide relevant information to residents with 
concerns about the potential impacts on their well water-quality, and to provide baseline 
groundwater quality data against which complaints can be compared and resolved. Groundwater 
data provides information and help assess the hypotheses: 1) groundwater quality in central 
Arkansas is directly related to the geology and lithology of the area, and 2) observed 
groundwater quality in central Arkansas has not been impacted due to contaminants from gas 
extraction and exploration. 
1.2 Scope of Work 
Research was conducted by the University of Arkansas, Department of Geosciences which 
included background research, pre-field work, field work, and analyses.  The research process, 
described in-depth below, established a water-quality data set within the Fayetteville Shale Gas 
Play. 
 1.21 Review of Existing Background Information: 
Data on the geochemical characteristics of domestic well water-quality and sub-surface 
geology in central Arkansas are scarce.  The University of Arkansas, Fayetteville, Arkansas, 
and other institutions have administered investigations in other areas of Arkansas on 
formations that can be found with-in the study area.   
The United States Geological Survey (USGS), Arkansas Water Science Center and the 
Arkansas and the Arkansas Department of Environmental Quality (ADEQ) are conducting 
groundwater quality research in the FSGP, in Van Buren and Faulkner Counties, but results 
are currently not available for review.  
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The Arkansas Oil and Gas Commission (AOGC) is not conducting groundwater quality 
research on the FSGP, but is addressing resident’s complaints as they are reported.  The 
groundwater samples from domestic wells that AOGC collects and analyzes are not analyzed 
for a uniform, comprehensive analytical schedule, but vary site by site.   
The Arkansas Geological Survey (AGS), conducted a groundwater quality assessment on 
the Roubidoux and Gunter aquifers, but the data contained in that study are not directly 
related to this study.  The AGS has remapped quadrangles in upper portions of Pope and Van 
Buren counties, but still has extensive mapping projects to be conducted before a complete 
update of geologic maps at the 1:24,000 scale are available.  Hand-drawn geological field 
sheets are available for some quadrangles (digitization is not completed).  AGS, USGS and 
UA do have extensive information on the geological formations and lithology throughout 
Arkansas. Other investigations executed were reviews of Belkhiri, et al. (2010) and Cloutier, 
et al. (2008) on multivariate statistical analysis of groundwater chemistry data and the 
hydrochemical evolution of groundwater. 
 1.22 Pre-field Methods:  
 Pre-field methods consisted of delineating the area of study by identifying the primary 
drilling activities overlaying the FSGP in central Arkansas then determining the size and 
extent of the sampling area by reviewing topographic maps, water-well logs, and locations of 
gas wells.  Once the primary study area was delineated, potential domestic water wells were 
identified, from which water samples were eventually collected and analyzed.  Potential 
domestic water wells were identified using domestic water well logs, obtained from AGS, to 
find well owner names, addresses, and the properties latitude and longitude. .   Yahoo People 
Search was used to verify the owner names and addresses that were identified from the 
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domestic water well records.  If an address could not be located through Yahoo People 
Search, Acme Mapper 2.0, a mapping tool based on maps from Google and USGS, was 
utilized to locate residents on topographic and aerial maps.   
 Acme Mapper 2.0, a high-precision general purpose mapping application that has 
capabilities to locate latitude and longitude coordinates, was used where a well record lacked 
owner name or address.  Acme Mapper topographic and aerial maps were printed out with 
plotted locations and then used in conjunction with an Arkansas Atlas and Gazetteer 
(DeLorme, 2004), topographic maps and Garmin eTrex Legend personal navigator  using 
projection Latitude-Longitude in decimal-degrees position format, datum: North American 
Datum 1983 (NAD 83)and the Wide-Area Augmentation System (WAAS) for position 
accuracy of 9 feet, 95% of the time (Garmin Ltd., 1996-2012), to ensure accurate location of 
residents and domestic water wells.   
Several meetings were conducted with the advising committee to determine which water-
quality parameters should be analyzed for each of the collected groundwater samples.  The 
water-quality parameters were defined based on the need for a basic water-quality 
assessment, as well as time and funding constraints, and included: 
1)  major ions: calcium (Ca²⁺), sodium (Na⁺), potassium (K⁺), magnesium (Mg²⁺), sulfate 
(SO₄²⁻), bicarbonate (HCO₃⁻), chloride (Cl⁻) 
2) minor ions: iron (Fe²⁺), manganese (Mg²⁺), nitrate (NO₃⁻), fluoride (F⁻), 
3) trace metals: barium (Ba²⁺),  beryllium (Be²⁺), strontium (Sr²⁺)  
4) physical parameters: total dissolved solids (TDS), pH, specific conductance, turbidity, 
odor, and color.
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 1.23 Field Methods:  
 Once a well was located in the field, and before sampling could commence, permission to 
gather well data and collect a groundwater sample had to be obtained from the resident.  
Interviews were conducted, to gather owner and well information to help with the 
assessment of groundwater quality in the study area.  
 After residents were interviewed, water wells were purged, groundwater field parameters  
were measured, and groundwater samples were collected from more than 100 domestic 
water wells across the study area.  Groundwater samples were collected, chilled, 
transported, preserved, and transmitted to the analytical laboratory under chain-of custody, 
as specified by the U.S. Environmental Protection Agency (EPA), RCRA Comprehensive 
Ground-Water Monitoring Evaluation Document (RCRA Ground-Water Monitoring 
Systems) (March 1988), and U.S. EPA Operating Procedure Groundwater Sampling-
SESDPROC-301-R2 (2011), protocols.  
1.24 Analytical Methods: 
 American Interplex Corporation (AI), was chosen to conduct the laboratory analysis 
based on, EPA approved methodologies, quality assurance procedures, data quality, and 
location, (relevant for sample holding time).  Analytical computer software, AquaChem 
2011.1, SigmaPlot 11.0, ArcGIS ArcMap10, and Microsoft Excel 2010, was utilized to 
assist in the analysis and processing of groundwater data, and the construction of 
groundwater data spatial analysis.  AquaChem 2011.1 and Microsoft Excel 2010 were used 
in the Quality Assurance and Quality Control process to help ensure a consistent and 
plausible data set, multivariate statistical analysis.  QA/QC procedures were included by 
applying an ion-balance check, and scatter plots, to look for outliers in the groundwater data 
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set.  Further detail on the QA/QC process and approaches for laboratory and field methods 
can be found in chapter three - groundwater sampling methods.   
 AquaChem 2011.1 was used to interpret generated Piper diagrams to determine 
geochemical characteristics of the groundwater samples.  AquaChem 2011.1, and SigmaPlot 
11.0, were used to create a multivariate statistical analysis, with the emphasis on cluster and 
grouping determination, and determined the relation between groundwater quality and the 
geology of the study area.   
 ArcGIS ArcMap 2010 was used to create maps of spatially distributed groundwater 
quality data, and figures that were placed in this report. 
1.3  Limitations 
The field sampling plan initially proposed collection of water samples from domestic wells 
in two phases: low-flow conditions (late summer 2011 into fall 2011), and high-flow conditions 
(late March 2012 through May 2012).  Due to the scale of the study area, and the time required 
to complete the first phase of sampling across the study area, the sampling period was modified 
and wells were sampled from, July 20, 2011 through November 6, 2011, a select number of sites 
may be resampled at a later date.  The water-quality data from an extended sampling period 
would have given a better representation of groundwater quality.   
A modified sampling program was conducted from, July 20, 2011 through November 6, 
2011.  The sample program was modified to one extended period because of the time required to 
identify, gain permission, and sample each individual well.  The sampling period occurred during 
a relatively dry and hot period, which began in June 2011 and extended well into November 
2011.  No significant groundwater recharge events occurred over the extended sampling period 
that would have impacted the shallow aquifer.  This lack of significant recharge and the overall 
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similarity of the weather throughout the sampling period provided uniform hydrologic conditions 
during the entire sampling period and allows for a more valid comparison of water-quality data.   
Other limitations include non-detect laboratory analysis for some groundwater samples, due to 
very low concentrations.  It must be noted that ½ of the detection limit was taken for those 
samples that were reported as non-detect.  Taking ½ of the laboratory reporting limits of the non-
detects has been shown to be a poor method that can result in misinterpretation of data even 
though the method is widely practiced in the scientific community.  Potassium was not run for all 
groundwater samples due to an error of omission when the chain-of-custody was constructed; 
however, potassium is not a main contributing factor to the groundwater chemistry for the study 
area therefore it was not included in the Piper diagrams.      
The only pre-existing background groundwater data for central Arkansas were obtained 
from the U.S. Geological Survey and were used as a comparison to current sample data.  When 
assessing the pre-existing groundwater data the following items should be noted, 1) pre-existing 
data were reported over a long time span (1951 to 1997), 2) these consisted in total of a small 
data set (43 groundwater samples), 3) analytical methods changed over time, 4) different 
reporting technics by multiple individuals were used, and 5) data presented were an incomplete 
data set for some measured constituents.   
It should also be noted that any data that could potential be used to identify well owners 
were not included in this report for confidentiality purposes, but individual well owners were 
informed about their domestic water wells analytical results.  All other information pertaining to 
the individual domestic water wells were included in this report, if known.
10 
 
1.4  Federal and State Regulations 
The Arkansas Natural Resources Commission defines domestic water wells as; “domestic 
uses” to include “ordinary household purposes including human consumption, washing, the 
watering of domestic livestock, poultry and animals and  watering home gardens for 
consumption by the household” (2011).  There is no comprehensive federal or state law, which 
protects groundwater, and the U.S. EPA is not authorized to regulate or to monitor domestic 
water wells under the Safe Drinking Water Act (SDW) (U.S. EPA, 2009).   
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2.0 SITE DESCRIPTION AND ENVIRONMENTAL SETTING  
 
2.1  Location 
The area of study includes six counties (Figure 2.1), Pope, Conway, Faulkner, White, 
Cleburne, and Van Buren, in central Arkansas and covers approximately 3,914 mi².  The 
Fayetteville Shale of the Arkoma Basin sub-crops in the six counties. 
2.2 Physiography Setting 
Arkansas is divided into five major physiographic provinces (Figure 2.2); Ozark Plateaus, 
Arkansas Valley, Ouachita Mountains, west Gulf Coastal Plain, and the Mississippi River 
Alluvial Plain (Fenneman, 1938).  The study area is predominately located in the Arkansas 
Valley province but parts of the study area are located in the Ozark Plateaus to the north and 
Mississippi River Alluvial Plain in eastern portions of White county.   
 2.21   Ozark Plateaus Province 
 The Ozark Plateaus Provinces is divided into four sub-provinces (Figure 2.3): 
Salem Plateau, Springfield Plateau, Boston Mountains, and St. Francois Mountains, and 
lies within four states (Renken, 1998).  The southern portion of the Ozark Plateaus 
Province, in Arkansas, consists of early Paleozoic to Mississippian-aged rocks and is 
marked by faults on the southern flanks of the Boston Mountains (Renken, 1998). Rocks of 
Mississippian age in northwestern Arkansas that were uplifted with the Ozark Plateaus are 
dominated by shallow-water carbonate-shale sequences and contain some prograding 
deltaic sandstones that were deposited on a cratonic shelf of Precambrian age that dip 
gently to the south towards the study area (Renken, 1998).  The northern portions of Pope, 
Van Buren, and Cleburne counties are located in the Boston Mountains where outcrops in 
the Boston Mountains are late Mississippian and Pennsylvanian aged shales, siltstones,  
12 
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sandstones, and limestones (Renken, 1998).   
 2.22 Arkansas River Valley 
 The Arkansas River Valley is a shallow synclinal trough, north of the Ouachita 
Mountain uplift and south of the Ozark uplift (Gordon, 1964).  The Arkansas River flood 
plain covers most of the Arkansas River Valley’s length (Gordon, 1964) and is structurally 
composed of compressed Pennsylvanian sedimentary rocks exhibiting east-west trending 
folds and faults, primarily normal with rarer thrust faulting¸ that diminish in thickness 
northward into the Ozark Plateau (AGS, 2011).    Pennsylvanian-aged clastics were 
deposited predominately by deltas and to a lesser extent in marine environments of 
deposition on the continental shelf margin (AGS, 2011).  
2.23  Mississippi River Alluvial Plain 
 The Mississippi River Alluvial Plain, composed of unconsolidated sediments of 
Cretaceous, and Quaternary age, is a relatively flat terrain with low lying hills (USGS, 
1995).  The area was formed as normal faults caused older sedimentary rocks to subside 
allowing unconsolidated sediments to be deposited over the top (Renken, 1998).  
2.3 Geological Setting 
 Literature on the subsurface geology for central Arkansas is scarce owing to the lack of 
prior hydrocarbon or other geological subsurface exploration activity, and because of the 
complex geological history of this former plate-boundary margin, foreland basin zone and the 
resultant faulting and variable lithology (Houseknecht, 1986).  Within the study area lies the 
foreland Arkoma Basin.  The Arkoma Basin is described as a south-central trending 
synclinorium, syncline with smaller superimposed folds that extends from south-central 
Oklahoma to east-central Arkansas (Zachry and Sutherland, 1984; Houseknecht, 1986). 
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 The formation of the Arkoma Basin started with a large rifting event opening an ocean basin 
during the late Precambrian - early Palaeozoic and the southern margin of North America 
evolving into an Atlantic-type margin that continued through the middle Palaeozoic 
(Houseknecht, 1986).  Sediment accumulated along the passive margin include Cambrian to 
Mississipian strata in shelf and off shelf environments that were predominately carbonate with 
shale and quartzose sandstones (Houseknecht, 1986).  The Arkoma Basin was depositionally part 
of the broad-shelf that was north of the Ouachita Trough during the Cambrian to Early 
Pennsylvanian time and shallow-shelf conditions continued during Morrowan and early-Atokan 
time (Zachry and Sutherland, 1984).  During the Cambrian to early Mississippian time thick 
sequences of shallow-water-carbonate were deposited onto the Arkoma shelf with thinner, deep-
water black shales accumulating in the Arkoma basin (Sutherland, 1988).  During the middle 
Mississippian there “were no significant changes on the Arkoma shelf except for intermittent 
introduction of terrigenous clastics from the northeast” (Sutherland, 1988).  The ocean basin had 
been subducted in the early-Atokan time and “the northward advancing subduction complex was 
being obducted (the overthrusting of continental crust by oceanic crust at a convergent plate 
boundary) on to the rifted continental margin of North America” (Houseknecht, 1986).  As North 
Americas continental crust was subjected to flexural bending, widespread normal faults, down-
thrown to the south, occurred in the foreland (Houseknecht, 1986).  During the lower to middle 
Atokan shales and sandstones were deposited which represented a critical transition between 
passive margin sedimentation and the foreland basin sedimentation.  The foreland basin formed 
as a result of  the tectonic activity associated with the Ozark uplift and Ouachita orogeny that 
created east-west striking, south dipping stair-step fault blocks, which displaced Pennsylvanian, 
Atoka units during sedimentation (Zachry and Sutherland, 1984).   
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2.4 Stratigraphy 
Pennsylvanian clastics predominate at the surface and in the subsurface within the study 
area and Mississippian sedimentary rocks located on the surface and subsurface of northern parts 
of Van Buren, County (Figure 2.4).  Quaternary alluvial and terrace deposits are located in 
eastern White County and present-day stream valleys.  Due to the lack of subsurface data it can 
only be assumed that the subsurface stratigraphic units would be similar in characteristics to the 
surface stratigraphy. The stratigaphy within the study is described in detail below with a general 
stratigraphic column of central Arkansas located in Appendix A-1 (AGS, 2011). 
2.41 Imo Formation: Lower Pennsylvanian, Morrowan 
Named for exposures near Imo, Arkansas, in Searcy County, the Imo Formation consists 
of grayish-black clay shale, weathers to dark gray or brown and can be ferruginous in 
places (Gordon, 1964).  At the base fine-grained sandstone and some fossiliferous 
calcareous shale can be found, in areas.  The Formation is part of a basinward facies of the 
Can Hill member of the Hale Formation but in north-central Arkansas has been proffered 
as a separate unit from the Cane Hill member of the Hale Formation (Gordon, 1964).  The 
Imo Formation contains Mississippian fossils that are the same as those found in the upper 
shale member of the Pitkin Limestone (Gordon, 1964).   
2.42 Hale Formation: Lower Pennsylvanian, Morrowan 
The Hale Formation was named by Adams and Ulrich in 1905; (Gordon, 1964) and further 
defined by Taff in 1905 and Henbest in 1953.  The Hale Formation was  
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subdivided into two members; Prairie Grove, and Cane Hill Member by Henbest in 1953; 
(Quinn, 1969) and can range in thickness from 80-120ft (AGS, 2011).   
The Cane Hill member is composed of abundant gray fissile clay to silty-shale, siltstone, 
conglomerate lenses and sandstone lenses or calcareous bodies (Quinn, 1969).  Gordon 
(1964) found ripple marks to be common, occurring layer upon layer, and in some areas 
sandstone beds contorted and ropy in aspect.  Glick and others (1964) described the Cane 
Hill member predominately as a shale; fissile to platy-medium-dark-gray siltstone beds, 
and layers of ironstone concretions. 
The Prairie Grove member is composed of fine-medium-grained calcareous sandstone, 
lenses of fossiliferous, crinoidal, and oolitic limestone were reported by Gordon (1964) in 
outcrops in Washington, Madison and Crawford counties.    
2.43      Witt Springs Formation: Lower Pennsylvanian, Morrowan 
The Witt Springs Formation was named after the town of Witt Springs in the Snowball 
quadrangle in Searcy County, Arkansas (Glick and others, 1964).  Glick and others (1964) 
describe the Witt Springs Formation sandstone beds as massive, silty, fine-grained, cross-
laminated, and limy and shale beds that are dark gray; inter-bedded with very thin to thin 
beds of medium-gray siltstone.  Portions of the “Witt Springs Formation are distinct 
channel-fill deposit consisting of quartz-pebble conglomerate overlain by massive 
sandstone, poorly sorted and irregularly bedded sandstone and shale” (Glick and others, 
1964). 
2.44 Bloyd Formation: Lower Pennsylvanian, Morrowan  
The Bloyd Formation was first defined and named by Purdue in 1907 (Henbest, 1953).  
The Bloyd Formation can be divided into the following members; Brentwood, Woolsey, 
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Dye Shale- Kessler Limestone, and Trace Creek (Quinn, 1969).  The Arkansas Geological 
Survey (AGS) breaks the Bloyd Formation into undifferentiated, upper, “middle Bloyd 
sandstone,” and lower.  The individual Brentwood and Kessler Limestone members, of the 
Bloyd Formation cannot be recognized in portions of the study area.  
The Bloyd Formation, in the study area, is predominantly undifferentiated and consists of 
sandstones inter-bedded with very thin beds of siltstones, clay and silty-shales (AGS, 
2011).  The upper Bloyd contains dark-gray to black shales, thin to thick ripple bedded 
sandstones inter-bedded with clay to silty-shales (AGS, 2011).  “Middle Bloyd sandstone” 
is reddish, gray or light tan to orange-brown, thin to medium coarse-grained, iron-cemented 
sandstone.  Lower Bloyd has inter-bedded siltstones, calcareous sandstones, black fissile 
clay/shales and silty-shales (AGS, 2011).   
2.45 Atoka Formation: Middle Pennsylvanian, Atokan 
The Atoka Formation is the primary formation that defines the study area and was first 
recognized and named by Taff and Adams in 1900; Henbest, (1953), in Oklahoma and 
originally called the Winslow Formation by Ulrich in 1904 (Henbest, 1953), in Arkansas.  
The Atoka Formation can be divided into three litho-stratigraphic divisions: upper, middle, 
and lower (Zachry and Sutherland, 1984).  Even though the Atoka has been divided, the 
divisions are used inconsistently in literature (Woolsey, 2007).   
The Atoka Formation in Oklahoma is composed of shale (Zachry and Sutherland, 1984) 
but in Arkansas, sandstones were prominent and continuous with shale units separating 
sandstone units.  Literature that was directly related to the study area was scare, but Gordon 
(1964) briefly discusses fossils that were found in the Atoka strata in Conway and Pope 
counties. In Conway county; “west of the Arkansas River and 4 miles south of Morrillton, 
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200 yards west of the center of the NW ¼ sec. 17, T. 5 N., R. 16 W, J. F. Newsom made a 
collection of red ferruginous shale” that was described by Smith in 1896; but never located.  
In Pope county, C. Gilstrap’s collected “at the top of the bluff of Piney Creek 7 ¼ miles 
downstream from Indian Creek and 10 miles north of Dover in the NE ¼ NE ¼ sec. 6, T. 
10 N., R. 20 W” a round block of sandstone that contained a single fossil specimen.  AGS 
(2011) described the Atoka Formation consisting of thick black silty-shales inter-bedded 
with fine- to very fine-grained tan colored sandstones and/or thin ripple-bedded siltstones. 
2.46 Hartshorne Sandstone: Pennsylvanian, Des Moinesian 
The Hartshorne Sandstone, located in the southern portions of Pope and Conway, is 
located above the Atoka Formation and ranges in thickness of 10 to 300 feet (AGS, 2011).  
The Hartshorne is restricted to the central parts of the Arkoma Basin (Zachry and 
Sutherland, 1984).  It is a brown to light gray, medium- grained sandstone that is frequently 
cross-bedded (AGS, 2011). 
2.47 Terrace Deposits and Alluvium: Quaternary; Pleistocene and Holocene 
Terrace deposits are composed of unconsolidated gravels, sand, silts, clays and other 
clastic materials.  Alluvium in the study area is located in present-day stream valleys and in 
eastern White County.  The alluvium sediments are composed of sand, unconsolidated 
gravels, silts, clays, and other clastic materials (AGS, 2011). 
2.5 Hydrologeological Setting 
 The hydrogeologic setting of the study area is comprised of the Ozark Plateaus aquifer 
system and the Western Interior Plains (WIP) confining system.  The Ozark Plateaus Province 
contains the Ozark Plateaus aquifer system (Imes and Emmett, 1994), which is comprised of 
three aquifers: the Ozark, Springfield Plateau, and St. Francois aquifers. The Ozark Plateaus 
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aquifer system is a major source of freshwater throughout the region and in northern parts of the 
study area withdrawing water from Mississippian to older rocks composed of dolomites, 
limestones, and some sandstones (Renken, 1998).  Domestic water wells that were sampled 
across the study area averaged a depth of 112ft (ranged from 16ft to 342ft), depths too shallow to 
reach the Ozark Plateaus aquifer system and primarily are completed in the WIP.   
 The WIP (Figure 2.5) is a thick, geologically complex, low-permeability confining 
system that extends in Arkansas from the northern margin of the Boston Mountains to the 
Ouachita Mountains south of the Arkansas River Valley (Renken, 1998).  The WIP is considered 
a minor aquifer system that supplies water primarily through hydraulic conductivity developed in 
secondary permeability features along fractures and bedding planes in the lithologic units 
including shales, sandstones, siltstones, dolomites, and limestones.  The bedding planes and 
horizontal and vertical fractures, separate the strata into blocks hydraulically independent of each 
other which create the porosity and permeability in the system resulting in very low hydraulic 
conductivities and extremely low well yields to residents withdrawing water from these units 
(Renken, 1998).  The USGS separates the WIP confining system into two zones; upper and 
lower zone.  The upper zone is soil with an augmented porosity, permeability, and water 
movement through inter-particle pore spaces as a result of highly weathered bedrock (Renken, 
1998).  Residents that have water wells completed in the weathered zones of the Hale Formation 
and the Pitkin Limestone could have water yields ranging from 2.5 to 19 gallons per minute, 
where-as residents yielding water from the Atoka Formation could withdrawal 9 gallons per 
minute (Renken, 1998).  According to the USGS (Renken, 1998), fractures in shaley-rocks or 
closely spaced joint sets in shales and siltstones can be better water sources and have a higher 
permeability then massive sandstone beds with less densely spaced fractures.  
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Despite the WIP confining systems high variance in water yield, the groundwater quality, 
according to the Environmental Protection Agency Safe Drinking Water (SDW) standards, meets 
most Secondary Maximum Contaminant Level’s (SMCL) (Renken, 1998).  The USGS (Renken, 
1998) makes no mention of groundwater quality versus EPA’s Maximum Contaminant Level’s 
(MCL), but does report that the groundwater quality is generally considered to be suitable for 
human and livestock consumption.  Saline water has been reported at depths ranging from 500 to 
2000 feet below land surface and groundwater quality in the WIP confining system is defined 
primarily by two constituents; sodium (Na⁺) and bicarbonate (HCO₃⁻), making the water type in 
this region predominantly sodium bicarbonate (Renken, 1998).   
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3.0 GROUNDWATER SAMPLING METHODS 
 This section describes the groundwater sampling process including:1) considerations and 
methods to define the study area, 2) the water quality parameters to analyzed, and 3) definition of 
the general and specific procedures to observe while collecting groundwater samples. 
3.1 Pre-Field Methods 
 The study area was defined to encompass the current primary drilling and exploration area 
for the Fayetteville Shale as well as fringe areas where development has not extended.  To 
delineate the area of study within the Fayetteville Shale Natural Gas Play, topographic maps 
were reviewed to determine size and extent of the study area relative to known locations of 
natural gas exploration based on data from the Arkansas Oil and Gas Commission.  Domestic 
water wells were identified from which water samples could be collected for analysis and 
interpretation to provide a spatially distributed set of groundwater quality data for the study area.  
A groundwater quality data set in and immediately adjacent to the FSGP area was advocated to 
observe any significant difference in production areas versus nonproduction areas.  At least 100 
groundwater samples were suggested to be obtained across six counties: Pope, Van Buren, 
Cleburne, White, Faulkner, and Conway, in and outside the FSGP area.   Site location 
distribution was set by aiming to sample approximately one to two domestic water wells per 
township throughout the six counties in the FSGP to try and meet a relatively uniform spatial and 
hydrogeologic coverage across the study area.  
3.11 Data Collection 
 Domestic groundwater well records from AGS in conjunction with Arkansas Natural 
Resource Commission (ANRC), ACME Mapper 2.0 (Google Earth) and Yahoo People 
Search were used to locate potential domestic water wells.  Water well records documented: 
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resident’s names, address, section, township and range, and well latitude and longitude 
coordinates.  Many well records lacked latitude and longitude coordinates, resident 
information, or section, township and range, and contained incorrect information.  Because of 
this, gathered information had to be verified through: ACME Mapper 2.0. and Yahoo People 
Search.    
 Acme Mapper 2.0 is a high-precision general purpose mapping applications that has the 
capabilities to also locate latitude and longitude coordinates, if a well record was lacking an 
owner name or address.  Acme Mapper topographic and aerial maps could be printed out 
with plotted locations and then used in conjunction with an Arkansas Atlas and Gazetteer and 
Garmin navigational system to ensure that appropriate residents were located.   
 The Arkansas Gazetteer is a detailed topographic road atlas that depicts shaded relief, 
place names, map features (lakes, streams, mountains, churches etc.), county roads, and 
highways.  The Arkansas Atlas and Gazetteer has a grid with GPS coordinates, which were 
used in conjunction with the Garmin navigation system.  The printed Acme Mapper maps 
showed back roads and place names, but the Arkansas Atlas and Gazetteer helped with an 
expanded view to locate traveling routes.   
The Garmin navigation system allowed a confirmed address or latitude and longitude 
coordinate to easily be located through step-by-step directions.  If the Garmin navigational 
system lost a satellite signal then the Arkansas Atlas and Gazetteer was used as a back-up for 
directions. 
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3.2 Field Methods 
 Once permission was attained from residents, field sampling commenced with collection of 
owner and well information, purging the water well, measuring field parameters, and capturing 
water samples, for transportation to the laboratory in Little Rock, Arkansas. 
 3.21 Principal Data-Collection 
Owner and well information were captured on a data sheet (Appendix B-1) 
constructed to record the date, time, owner address, county, latitude and longitude of well,  
weather, purge rate, water level (where able to measure), field water-quality measurements 
and well parameters pertinent to the study.  Latitude, longitude, and elevation for each well 
were ascertained using a hand held Garmin-eTrex Legend.  Other information on the field 
sheets included; water color, water odor, owners concerns about water quality problems, 
date well was drilled (if known), total depth of well (if known), drillers name (if known), 
water-treatment equipment, location of septic tank, number of wells on the property, and 
picture(s) of the well and surrounding area.   
3.22 Field Equipment 
Field measurements collected were pH (using a Symphony SP70P), specific 
conductivity (using a Symphony SP70C), temperature (recorded from conductivity meter), 
turbidity (LaMotte 2020 e/I Turbidity Meter), and water levels (Sonic Water Level Metter 
200u).  All meters used were calibrated at the beginning of each sampling excursion to 
assure field measurement accuracy.  The specific conductivity meter was calibrated to 
1,413, in microsiemens (μS) standard at 25 degrees celsius (°C) and the pH meter was 
calibrated to pH buffer 7 and 4.  
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 3.23 Measurement and Collection Procedures 
Sampling and collection procedures were carried out using the, U.S. EPA, RCRA 
Comprehensive Ground-Water Monitoring Evaluation Document (RCRA Ground-Water 
Monitoring Systems) (March 1988) and U.S. EPA Operating Procedure Groundwater 
Sampling-SESDPROC-301-R2 (2011), as a guide for collecting groundwater samples.  
  3.231 Field Data Collection: 
Field measurements ensued after depth to water level, if accessible, was 
recorded and water wells were purged (a process to remove stagnant water the well), 
at a constant purge rate using a wristwatch, standard 5/8-inch hose (connected to the 
valve withdrawing directly from the well), and a five (5) gallon bucket.  Having a 
consistent purge rate was important because “water yielded by a well could change 
in quality in response to changes in pumping rate or regional drawdown of the water 
table” (Hem, 1985).  It should be noted that purging residential wells, is not the same 
as measuring a monitoring well, each sampling site must be assessed to determine 
how the purging process and stabilization of parameters measured, should be 
achieved because of owner concerns about the availability of water and/or pump 
malfunctions. Where the owner gave verbal consent and the pump was properly 
functioning it was left running throughout, at a consistent purge rate until field 
parameter readings stabilized.  
At the beginning of the purge process and throughout sampling, grab samples 
were collected, using a plastic beaker.  Grab samples were measured using pH, 
specific conductivity, and turbidity meters, each meter probe and vial were cleaned 
prior to sampling event, using native water to prevent cross contamination between 
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sampling sites.  As meters were measuring the collected grab sample, depth to water 
level was performed in intervals during the purging process and both were recorded 
on the field sheet. Certain field parameters (pH, specific conductance, temperature 
and turbidity) are closely linked to the environment of groundwater therefore 
collecting groundwater samples for later analysis can alter those field parameters 
that are environmentally sensitive and collecting on site ensures a more accurate 
assessment of the groundwater conditions  (Hem, 1985).  The field parameters were 
recorded until an adequate purge had been obtained, which was achieved when pH 
and specific conductance readings stabilized.  Groundwater is said to be stable when 
pH remains constant within 0.1 standard unit (SU) and specific conductance varies ± 
5 % (Hunter, 2011).  Temperature was not considered to be a good determination of 
parameter stability, because temperatures are subject to rapid changes in 
groundwater during parameter collection, but was still recorded to help in the 
interpretation of geochemical data (Hunter, 2011).  Turbidity measurements, were 
recorded, but were not used as a major determination in parameter stability. 
Turbidity is considered stable when readings become consistent or measure below 
10 nephelometric turbidity units (NTU’s) (Hunter, 2011). 
3.232 Handling and Transport Procedures: 
 After the purging process and stabilization of field parameters was completed, a ½ 
gallon plastic container (to analyze TDS) and a 1:1 nitric acid treated plastic 
container (for trace metals), provided by AI was collected.  Collected samples were 
stored on ice for later transport to AI, located in Little Rock, Arkansas.  
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Every sample container was labeled with a unique sample ID that helped distinguish 
each sample for future analysis and consisted of: date, month, year and sample 
number (i.e. 28091101).  The date, time and sampler, were recorded on each 
sampling container. 
 Blue VWR powder-free nitrile examination gloves were worn throughout the 
sampling process to avoid contamination from outside impurities.  Collected samples 
were immediately iced and stored in an ice chest provided by AI, which was strictly 
used for collected water samples, until delivery for analysis.  A chain-of-custody 
document accompanied all collected samples to AI, which tracks collected water 
samples through collection to laboratory analysis and guarantees each sample is 
representative of the sampled water (Appendix B-2). 
3.3 Analytical Laboratory Methods  
Groundwater sample containers delivered to AI were checked for proper labeling, 
including date and time sampled.  All groundwater sample containers were reviewed for proper 
type, adequate volume, integrity, temperature, preservation, and holding times.  AI analyzed the 
following constituents that were previously determined by the advising thesis committee: 
 Major cations: calcium (Ca²⁺), sodium (Na⁺), potassium (K⁺), and magnesium Mg²⁺ 
 Major anions; sulfate (SO₄²⁻), bicarbonate (HCO₃⁻), chloride (Cl⁻) 
 Minor ions: fluoride (F⁻), iron (Fe²⁺), manganese (Mg²⁺), nitrate (NO₃⁻) 
 Trace ions: barium (Ba²⁺),  beryllium (Be²⁺), strontium (Sr²⁺) 
 Total dissolved solids, total alkalinity reported as (CaCO₃)
 
31 
 
American Interplex reporting limits (RL), in milligrams per liter for each constituent analyzed 
are reported in Table 3.1.  Reported laboratory data will be discussed in detail in chapters 4 
(Results) and 5 (Discussion).  
Table 3.1  Laboratory reporting limits for select constituents and EPA method used. 
 
  AI analyzed all groundwater samples in accordance to previously determined analytical 
schedules according to: 
 “Methods for Chemical Analysis of Water and Wastes” EPA/600/4-79-020 (Mar 1983) with 
updates and supplements EPA/600/5-91-010 (June 1991), EPA/600/R-92-129 (Aug 1992) and 
EPA/600/R-93-100 (Aug 1993). 
 “Test Methods for Evaluating Solid Waste Physical/Chemical Methods (SW846),” Third 
Edition. 
 “Standard Methods for the Examination of Water and Wastewaters,” 20th edition, 1998. 
 “American Society for Testing and Materials” (ASTM). 
 “Association of Analytical Chemists” (AOAC). 
 Analyzed data, from AI under-went QA/QC before being reported for all samples via email 
in an Adobe PDF document, and Microsoft Excel (CSV) spreadsheet to the University of 
Analyte Method 
Reporting Limits,  
in milligrams per liter 
Barium EPA 3010A, 6010C 0.002 
Beryllium EPA 3010A, 6010C 0.003 
Calcium EPA 3010A, 6010C 0.1 
Iron EPA 3010A, 6010C 0.007 
Magnesium EPA 3010A, 6010C 0.03 
Manganese EPA 3010A, 6010C 0.002 
Sodium EPA 3010A, 6010C 1 
Strontium EPA 3010A, 6010C 0.005 
Chloride EPA 9056A 0.2 
Fluoride EPA 9056A 0.1 
Nitrate as N EPA 9056A 0.05 
Sulfate EPA 9056A 0.2 
Bicarbonate alkalinity as CaCO₃ SM 2320B 1 
Total dissolved solids SM 2540C 10 
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Arkansas, Department of Geosciences.  AI conducted a QA/QC on all analyzed data according to 
the National Environmental Laboratory Accreditation Conference (NELAC) Institute (TNI).  
TNI is managed by a board of Directors and organizational bylaws that were created for the 
development of accreditation standards which would provide environmental data of quality to the 
community (TNI, 2012).   
3.4   Analytical Software: 
Using the Microsoft Excel (CSV) spreadsheet from AI a template containing sample id, 
latitude, longitude, formation, lithology, field, and analyzed laboratory data was constructed, in 
Microsoft Excel 2010.  This data set was used to import data into AquaChem 2011.1 and 
SigmaPlot 11.0. AquaChem 2011.1 is a hydro-chemical analysis program that has the 
capabilities of analyzing a wide range of physical and chemical parameters.  The groundwater 
quality data were interpreted and compared using tools such as simple unit transformations, 
charge balances, statistics, modeling and graphing tools.  AquaChem 2011.1 was also used for: 
  Quality Assurance/Quality Control (QA/QC) 
  Statistical analysis 
  Water-type delineation 
  Characterizing the geology of the study area, and 
 Determination of the relationship between geology/lithology and groundwater quality.   
SigmaPlot 11.0, a graphing and statistics software that automatically generates statistical 
analysis reports using advanced statistical calculations, was used in this research to run a Mann-
Whitney Rank Sum Test, a nonparametric multivariate statistical analysis, to ensure the data sets 
integrity and determine statistical differences.  ArcGIS-ArcMap10 is a program that can help 
construct map layouts using digital datasets.  ArcMap10 was used to plot sampled well sites onto 
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a projected map of study area, and look at the spatial relation of the groundwater types relative to 
the geology of the study area. 
3.5 Quality Assurance and Quality Control (QA/QC) 
 Laboratory data provided by AI and collected field measurements were imported into 
AquaChem 2011.1 where part of a Quality Assurance and Quality Control (QA/QC) process was 
conducted.  This helps provide a consistent and plausible data set, and ensures analyzed samples 
were accurate and precise. .  Two QA/QC methods were employed to check the quality of the 
data set: 1) ion-balance check, and2) a total dissolved solid (TDS) versus specific conductivity 
graphical approach.   
 An ion-balance can check the accuracy of an analysis since the sum of positive and negative 
charges in water should be equal. The analysis provides a percentage difference of positive 
charges and negative charges calculated using Equation 3.1 (Appelo and Postma, 2010, Deutsch, 
1997):                        
           
Electrical Balance      (
∑ cation - ∑ anions
∑ cations+ ∑ anions
) 100 (3.1) 
            
 
 All potable waters are electrically neutral therefore cations and anions must balance (Murray 
and Wade, 1996). Out of a 105 water samples, 25 exceeded the 5% ion-balance check and 11 
samples exceeded the 10% check.  Positive numbers in an ion-balance means there is either an 
excess amount of cations or insufficient anions in the analysis, where a negative value is either 
an excess amount of anions or an insufficient amount of cations (Deutsch, 1997). Samples that 
exceeded the 10% ion-balance check frequently contained very low total dissolved solids (<10), 
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which can challenge the analytical equipment’s detection limits causing errors to arise in an ion-
balance check.  The ion-balance errors can also arise due to a lack of chemical equilibrium, 
causing the dominant dissolved species to precipitate in the sampling bottle during transport 
resulting in a shift in the total-ion chemistry.  If iron or manganese are present in large 
concentrations relative to other cations, and the water is undergoing redox changes during 
sampling with exposure to oxygen, then precipitation of iron oxyhydroxides is likely.   
3.6 Graphical Analysis 
A graphical approach was conducted as a QA/QC using scatter plots in Sigma Plot 11.0 and 
Microsoft Excel.  These plots were also used for comparison with data presented on Piper 
diagrams which were prepared using AquaChem.  Each method is described in detail below. 
3.61  Scatter Plots 
Scatter plots access the degree of dependency the data have between two parameters and 
determining if data contains outliers.  Outliers are data points that plot higher or lower than 
other observed data. Outliers are not uncommon in observed data, and outliers on the high 
side are more common in water resources (Helsel and Hirsch, 2002).  The parameters 
laboratory derived total dissolved solids (x), in milligrams per liter and field measured 
specific conductance (y), in microsiemens per centimeter were plotted to check for outlying 
data points.  The laboratory reports total dissolved solids, what is passed through a pre-
weighed filter (2.0 micrometers (μm) or smaller).  A total solid refers to both; total 
suspended solids, the portion retained by the filter, and total dissolved solids. The laboratory 
TDS (x), and field-measured specific conductance (y) plotted with several outliers.  To 
check the laboratory TDS for accuracy to different calculations for TDS were conducted.  
To distinguish between the two different equations for this report the equations were 
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assigned as an estimated and calculated TDS.  An estimated TDS takes the field-measured 
specific conductance, measured from the conductivity meter and multiplies by a factor of 
0.7078.  The 0.7078 factor was used for field-measured specific conductance values with a 
conductivity meter calibrated to use a standard of 1413 µS at 25 ºC.  Equation 3.2 was used 
to calculate the estimated TDS (Eutech Instruments, 1997): 
TDS* = (0.7078)(field-measured specific conductivity) (3.2) 
 
*Total dissolved solids, in milligrams per liter 
**Specific conductivity, in microsiemens per centimeters 
 
The specific conductance measured in the field for samples collected from the study area 
ranged (18.26 – 1,391, S/cm) while laboratory measured total dissolved solids ranged (< 
10 to 1,600, mg/L).  The calculated TDS was calculated (Equations: 3.3- 3.5) by adding the 
laboratory derived cations and anions together.   
                   
Ca ⁺ + Na⁺ +  ⁺ + Mg ⁺ + Fe ⁺ + Mn ⁺   cations (
mg
L
) (3.3) 
*HCO₃⁻ + Cl⁻ + SO₄ ⁻ + NO₃-N +    anions (
mg
L
) (3.4) 
cations + anions   calculated TDS (
mg
L
) (3.5) 
 
The reported laboratory measured TDS value of 1,600 mg/L, total dissolved solids was 
considered as an outlier (a value that is an inconsistent with the rest of the data set) because 
the calculated TDS 142 mg/L and the estimated TDS (359, in milligrams per liter) were 
much lower. The laboratory measured value was rechecked by AI and was reported again as
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1,600, in milligrams per liter.  The outlier data were not removed from the data set, but the 
value was replaced with the calculated TDS in all other statistical and graphical data 
presentations and in the final interpretation 
3.62 Piper Diagrams: 
 After the QA/QC was conducted, groundwater data were then plotted onto a Piper 
diagram, in AquaChem2011.1.  The Piper diagrams allows easy and rapid comparison of 
multiple samples, helps visually classify the waters, and visually identifies mixing and 
evolution of the groundwater samples (Garner, 2005).   
 Piper diagrams are composed of two tri-linear diagrams with the major cations 
calcium, sodium + potassium, and magnesium plotted on the left triangle and the major 
anions bicarbonate, sulfate, and chloride plotted on the right triangle.  Sample 
concentrations ion percentages, in milliequivalents per liter, are plotted onto the two tri-
linear diagrams.  Points are projected upward to intersect onto the diamond-shaped diagram, 
which represents the combining of major cations and anions (Garner, 2005).   
3.63 Cluster and Grouping: 
 After data were plotted onto the Piper diagram a visual inspection revealed five 
groundwater type clusters (Figure 3.1).   Visual investigations were then verified by 
conducting a cluster and group analysis, an analytical approach that has been adopted by 
others to inspect geochemical properties of groundwater (Belkhiri, 2010; Cloutier, 2008).  
Cluster and grouping analysis resulted in fingerprinting the geochemical make-up, 
validating the hydrogeological conditions, and helping to establish which geological 
formations domestic water wells produce from.  The first step to defining a cluster was 
calculating the major ion percentages, in milliequivalents per liter, of each sample to narrow
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down the groundwater type.  The second step to defining clusters, and groupings, was 
conducting a multivariate statistical analysis, a vital part of the analysis process to verify 
each samples geochemical characteristic and to determine if a cluster is statistically distinct.   
3.7 Multivariate Statistical Analysis 
 A multivariate statistical analysis is important when dealing with large amounts of data 
which may be covariant or define differing degrees of geochemical evolution such as along flow 
pathways. A multivariate statistical analysis, was conducted using major ion percentages, in 
milliequivalents per liter, comparison and correlation coefficient evaluation, and a Mann-
Whitney rank sum test.  
 3.71 Major Ion Percentage Calculations: 
 Percentages, in milliequivalents per liter, were calculated to help determine if a 
sample plotted on the Piper diagram belonged to that cluster or if it was a different 
groundwater type.  The major ion percentages (Equation 3.6) were calculated by first 
converting measured concentrations from milligrams per liter to millimoles per liter (
mmol
L
):  
 
millimoles per liter (
mmol
L
)  
concentrations, milligrams per liter (
mg
L
)
(gram formula weight)
 (3.6) 
 
Once the concentrations were converted to millimoles per liter (
mmol
L
), concentrations were 
multiplied by the parameters valence charge to yield milliequivalents per liter (meq/L): 
 
(concentrations, (
mmol
L
))(valence charge of measured parameter) = 
meq
L
 (3.7) 
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Total cation (calcium, sodium, and magnesium) (Equation 3.8) and anion (sulfate, 
bicarbonate, and chloride) (Equation 3.9), in milliequavalents per liter were calculated by 
summing all constituents that were converted to milliequavalent per liter (Equation 3.7).   
Potassium was not included in the sum of cations due to a low concentrations in 
groundwater in the study area and because not all samples were analyzed for the constituent 
due to an oversight on the chain-of-custody.  
 
Ca²⁺ + Na⁺ + Mg²⁺ = total cations (meq/L) (3.8) 
SO₄²⁻ + HCO₃⁻ + Cl⁻ = total anions ( meq/L) (3.9) 
 
 Ion percentages for total cations and anions were cacluated based on results of 
Equation 3.7 divided by Equation 3.8 or 3. 9 and multiplying it by 100 (Equation 3.10). 
 
(
Concentrations in milliequavalent per liter (
meq
L
)
total cations or anions, in milliequavalent per liter (
meq
L
)
)                   
    
(3.10) 
 
 After the major ion percentages were calculated, groundwater types were determined 
using percentages that were ≥ 50 .  If sample percentages were close to the same values, 
then parameters with the larger value was used to classify the samples groundwater type.  A 
multivariate statistical analysis was conducted to help confirm groundwater type clusters, 
determined using major ion percentages.  
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 3.72 Comparison and Correlation Coefficient Evaluation: 
A comparison test and correlation coefficient evaluation were used to assess the degree of 
dependency of one cluster to another or how strong the relation is between two variables. 
The comparison test allowed for quick determination of similarities and differences between 
sample parameters for clusters and groupings. A comparison test uses a linear regression 
algorithm to generate the correlation coefficient (a function of ratios) and Euclidean distance 
(difference in absolute concentrations) (Equation 3.11) between samples (Schlumberger, 
2011).  Samples having a similar chemical composition will have a correlation coefficient 
close to 1.   
 
 dij 
∑ xik-xjkk 1
n
   (3.11) 
where  
         n             number of variables measured for each sample   
              denotes the kth variable measured on sample i.  
                     denotes the kth variable measured on sample j.  
                      distance between sample I and sample j  
 
 The second test is a correlation matrix, which quickly determines similarities or 
differences using a specified number of parameters with a commonality (Schlumberger, 
2011).  The correlation matrix uses a linear regression (Equation 3.12) to calculate the linear 
correlation coefficient (r) (Equation 3.13) and slope-intercept for the regression line 
(Schlumberger, 2011).
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r  
n∑ xy - (∑ x) (∑ y)
√[n(∑ x2)-(∑ x)2] [n(∑ y2)-(∑ y)2]
 
    (3.13) 
 
 
 where  n  number of variables measured for each sample  
       the sum of variables 
 x  first variable measured  
 y   second variable measured  
 Example: Cluster 1 - (43 samples) 
 Comparison between sodium and bicarbonate constituents: 
x = sodium variables y = bicarbonate variables 
 Σx   3,165 
 Σy   8,133 
 Σxy = 937,903 
 Σx    407,613 
 Σy    2,251,421 
 n = 43 samples 
 
r  
43(937903)-(3165)(8133)
√[43(407613)-(3165)2] [43(2251421)-(8133)2]
 Step 1 
r  
(40329834)-(25742211)
√[17527338-10018491] [96811088-66143835]
 Step 2 
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r  
14587623
√[17508846] [30667253]
 Step 3 
r  
        
        
        Step 4 
     
 3.73 Mann-Whitney Rank Sum Test: 
After verifying clusters and groupings, formations and lithologies were refined for individual 
boreholes by reviewing water well records, geological field sheets, and cross sections from 
AGS.  Each well’s borehole geology was determined to be either predominately sandstone or 
shale or a combination of the two lithologies.  The well borehole geology determinations 
were corroborated using SigmaPlot 11.0 to conduct a non-parametric Mann-Whitney Rank 
Sum Test, to compare two unpaired groups (SigmaPlot 11.0, 2011).  The non-parametric test 
is the comparison of groundwater quality parameters, which are closely associated with 
either sandstone or shale, in the study area.  The Mann-Whitney rank sum test takes 
individually selected constituent values, and ranks the values from high to low (if two values 
are the same they will be averaged), where the smaller rank gets a 1 and larger values rank as 
N (N = total number of values in the two groups) (SigmaPlot 11.0, 2011 ).  Each groups rank 
is then summed and if the sums for the ranks are different, then the populations (P) value will 
be small.  The P value asks the question what are the chances that random sampling would 
result in medians as far apart as observed in this experiment (SigmaPlot 11.0, 2011).  If the P 
values are small then the idea that differences in medians are a coincidence is invalid, but 
instead P has different medians.  If the P value is large, then the medians do not differ and 
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therefore the populations are the same.  The Mann-Whitney rank sum test (Equation 3.14 – 
3.18), in SigmaPlot 11.0, runs the following U-test equation: 
    
U1 R1-
n1(n1+1)
2
 (3.14) 
U2 R2-
n2(n2+1)
2
 (3.15) 
U1+U2 R1-
n1(n1+1)
2
+R2-
n2(n2+1)
2
 (3.16) 
R1+R2  
N(N+1)
2
     N n1+n2 (3.17) 
U1+U2 n1, n2 (3.18) 
If n is >20 the Mann-Whitney index table (Appendix B-3) cannot be used so P must be 
calculated for Uobt (Uobt is the lesser of the two calculated test statistics,U1 and U2) and a 
normally distributed U must be calculated using  Equation 3.19 (Laverty, 2012): 
    
                                              zu 
|Uobt-(
n1n2
2
)|
√n1n2(n1+n2+1)
12
 (3.19) 
Replace 
n1n2
2
 and √
n1n2(n1+n2+1)
12
 to yield:   z 
U-mu
 u
 
 
where         mu 
n1n2
2
 
                      u  √
n1n2(n1+n2+1)
12
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The Mann-Whitney rank sum test verified there were significant differences in water quality 
parameters for the sites that were considered to be shales versus sites that were sandstones 
(results from the Mann-Whitney rank sum test can be found in Appendix B-4).  
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4.0 RESULTS  
 Groundwater quality data for all 105 samples organized by county are exhibited in 
Appendix C-1.  The following data are included in the table in Appendix C-1: physical parameter 
data, major ions, minor ions, and trace metals.  Well owners were informed of their individual 
results, but well owner information was not included in this report for confidentiality purposes. 
The following result sections will review chemical additives in hydraulic fracturing fluid, pre-
existing groundwater quality data, current analytical sample data, scatter plot analysis for current 
data, cluster analysis for current data, and grouping analysis for current data. 
4.1 Hydraulic Fracturing Chemical Additives 
 Knowing what chemical additives are incorporated in the fluid used in hydraulic fracturing 
can help identify if groundwater contamination has occurred as a result of natural gas exploration 
in the study area. Many chemical additives (between 3 and 12) are added to the fluids for 
hydraulic fracturing, but 98% to 99% (Figure 4.1) of the fluid is composed of water and sand 
(FracFocus, 2012a). The gas industries will choose a “blend” based on the characteristics of the 
formation in which they are fracturing (FracFocus, 2012a).  Appendix C-2 lists a few of the more 
relatively used chemical additives and the purpose of each used in the hydraulic fracturing 
process (FracFocus, 2012b).  
4.2 Pre-Existing Groundwater Quality Data 
 The pre-existing groundwater quality data (Appendix C-3) obtained from the USGS 
consisted of 43 groundwater samples across central Arkansas, with sampling events scattered 
from 1951 to 1997.  The pre-existing data are not a complete data set and several parameter 
values were missing, but the data does help to compare current analytical data to assess changes 
in groundwater quality that may have occurred.  The historical data compared to the EPA’s Safe 
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Drinking Water standards (Table 4.1) showed sulfate, iron and manganese exceeding the EPA’s 
SDW Secondary Maximum Contaminant Level (SMCL).  
Table 4.1  Pre-existing groundwater data summary and comparison to EPA SDW standards. 
*All groundwater data and EPA standards are reported as mg/L unless otherwise noted. 
 Size Missing Min* Max Median 
EPA 
MCL 
EPA 
SMCL 
pH 36 9 5.9 8.2 6.8  6.5-8.5 
Calcium 36 13 7.9 107 23 - - 
Magnesium 36 13 0.3 211 9.1 - - 
Sodium 36 12 2.0 145 23.5 - - 
Potassium 35 13 0.4 11 1.6 - - 
Bicarbonate 36 12 6.0 980 125 - - 
Sulfate 36 10 0.8 255 10 - 250 
Chloride 43 1 1.6 378 20 - 250 
Fluoride 35 15 0.0 0.4 0.2 4.0 2.0 
Total Dissolved 
Solids 
36 14 29.0 1210 170 - 500 
Nitrate as 
Nitrogen 
36 15 <0.007 3.4 0.180 10 - 
Iron 43 0 0.01 6.3 - - 0.3 
Manganese 43 0 0.01 0.6 - - 0.05 
 
4.3 Analytical Results for Samples Collected During Summer and Fall 2012 
 The  data presented in Table 4.2 shows the minimum, maximum and median for all 105 
groundwater samples during the summer and fall of 2012, in milligrams per liter (unless 
otherwise noted). A comparison to historical data is also presented based on the maximum value 
for the 43 historical samples available. Out of 105 samples analyzed, 104 met the EPA’s SDW 
MCLs.  Two constituents (iron and manganese) exceeded the EPA’s SDW SMCLs. 
 Sample 28071103 (NO₃ - N = 25 mg/L), was the only sample that had elevated levels of  
Nitrate-nitrogen, exceeding the EPA’s SDW MCL of 10 mg/L as nitrogen (NO₃- N).   
The exceedance of nitrate-nitrogen could be due to anthropogenic contaminations: 
agriculture, farming, and/or faulty septic tanks. 
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 Fifty five samples had iron (Fe²⁺) concentrations that surpassed the EPA SDW SMCL of 
0.3 mg/L.   
 Twenty six samples had manganese (Mn²⁺) that surpassed the EPA SDW SMCL of 0.05 
mg/L.   
Table 4.2  Laboratory analytical results summary and comparison with pre-existing groundwater 
quality data.  
* Groundwater data were reported as mg/L unless otherwise noted. 
 Minimum* Maximum Median 
Pre-Existing   
Data (Maximum) 
pH 3.8 9.11 6.68 8.2 
Specific Conductance 
 (μS/cm) 
18 1391 281 1840 
Alkalinity <1 480 120 400 
Total Dissolved Solids <10 930 160 1450 
Temperature (C˚) 13 30 21 22 
Calcium <0.1 170 11 107 
Sodium <1 270 16 145 
Magnesium <0.03 41 5.2 211 
Potassium 0.5 10 0.5 11 
Chloride 0.96 260 6.9 378 
Bicarbonate 0.61 586 134 980 
Sulfate <0.2 170 5 255 
Iron <0.007 43 0.5 8.8 
Manganese < 0.002 3 0.1 0.6 
Fluoride < 0.1 2 0.1 0.4 
Nitrate as Nitrogen 0.03 25 0.03 3.4 
Barium < 0.02 1 0.05 0.025 
Beryllium < 0.0003 0.0008 <0.0003 - 
Strontium < 0.005 2 0.7 - 
 
4.4 Scatter Plot Results 
 Scatter plots (Figure 4.2 – 4.6) show TDS (x) plotted against various (y) data: pH, major 
cations, major anions, minor ions, and trace metals. Scatter plots can help determine patterns by 
revealing any clusters, gaps and/or outliers in the groundwater data.  Scatter plots uses linear 
regression and slope to identify possible patterns within the data set.
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Figure 4.2 Total Dissolved Solids vs pH scatter plot for the study areas groundwater 
quality data.  Lower pH values are expected, in clean sandstones where there is very 
little buffering  
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Figure 4.3 Scatter plot showing all major cations plotted.  Sodium 
is the dominate cation, increasing as TDS increases.  
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Figure 4.4 Scatter plot showing the major anions.  Bicarbonate, chloride  
and sulfate all increase as TDS increases. 
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Figure 4.5 No discernable pattern can be seen in this scatter plot but 
it shows high concentrations of iron at low TDS and Manganese 
increasing concentrations as TDS increases.
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Figure 4.6 Trace metals show beryllium increasing at lower TDS for some groundwater 
samples Strontium and barium increasing with higher TDS with one strontium outlier. 
 
4.5 Cluster Analysis Results 
 The initial visual inspection of the Piper diagram (Figure 3.1) prepared in AquaChem 
2011.1 revealed five clusters, but through correlation matrices and ion percentages five new 
unique clusters were identified (Figure 4.7).  Statistical analysis revealed initial cluster-1 (C1), 
and cluster-2 (C2) were similar and actually represent just one cluster.  Initial cluster-4 (C4) and 
cluster-5 (C5) were statistically the same with exception of six samples from initial cluster 5.  
The six samples from initial cluster-5 became separate clusters (cluster-3 (C3) and cluster-5).   
 4.51 Cluster One  
Cluster-1 contained 43 out of 105 of the groundwater samples and was controlled by the 
major cation, Na⁺ and major anion, HCO₃⁻.  Cluster-1 also contained Na⁺- HCO₃⁻ - Cl⁻ 
and mixed-HCO₃⁻ (Na⁺ dominant cation).  The correlation matrix (Table 4.3) and scatter 
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plot (Figure 4.8) for C1 shows a strong relation of Na⁺ to HCO₃⁻.  The scatter plot shows 
as bicarbonate (x) increases that sodium (y) increases. A correlation matrix r-value of 
0.961, in milliequivalents per liter, supports a strong positive linear correlation between 
sodium and bicarbonate. 
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Figure 4.7  Bicarbonate versus sodium scatter plot shows an increase of sodium 
into solution and a rock/water interaction through the cation exchange process. 
 
Table 4.3  Correlation matrix table for cluster one showing sodium-bicarbonate as the 
dominate ions based on the r-value. 
CLUSTER 1 
      
N = 43 *Ca²⁺ Mg²⁺ Na⁺ Cl⁻ SO₄²⁻ HCO₃⁻ 
Ca²⁺ 1.000 0.806 0.141 0.408 0.369 0.289 
Mg²⁺  1.000 0.083 0.640 0.554 0.158 
Na⁺   1.000 0.454 0.155 0.961 
Cl⁻    1.000 0.467 0.357 
SO₄²⁻     1.000 0.109 
HCO₃⁻      1.000 
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4.52 Cluster Two 
 Cluster 2 (C2) contains 35 samples and the scatter plot (Figure 4.9) shows the 
dominate ions for C2 were calcium and bicarbonate.  C2 was the second most populated 
cluster with calcium-bicarbonate having the greatest r-value (0.901) (Table 4.4).  
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Figure 4.9  Bicarbonate versus calcium scatter plot showing a low r-value 
indicating calcium is starting to be replaced through the cation exchange process. 
 
 
Table 4.4  Correlation matrix table for cluster 2 showing calcium-bicarbonate with a strong 
relation based of the r-value. 
CLUSTER 2       
N = 35* **Ca²⁺ Mg²⁺ Na⁺ Cl⁻ SO₄²⁻ HCO₃⁻ 
Ca²⁺ 1.000 0.460 0.200 0.203 0.131 0.901 
Mg²⁺  1.000 0.508 0.327 0.266 0.717 
Na⁺   1.000 0.489 0.403 0.465 
Cl⁻    1.000 -0.083 0.229 
SO₄²⁻     1.000 0.144 
HCO₃⁻      1.000 
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 4.53 Cluster Three 
 Cluster 3 (C3) did not have a dominant anion group, and magnesium was the major 
cation.  This appears to be a transitional cluster with high percentages (Appendix C-4) of 
sulfate and chloride.  C3 trends towards C1 on the Piper diagram (Figure 4.8), while 
gradually increasing in concentration of HCO₃⁻ with concomitant decrease in chloride and 
sulfate.  The correlation matrix (Table 4.5) shows ratios (in descending order) of the 
following major ion constituents: Mg²⁺/Na⁺ > Mg²⁺/Cl⁻ > Na⁺/Cl⁻ > Ca²⁺/Mg²⁺ > Na⁺/SO₄²⁻, 
chloride and sulfate as dominate major anions.   
 
Table 4.5  Correlation matrix table for cluster 3 with magnesium and sodium as the 
dominate cations. 
CLUSTER 3       
N = 11 *Ca²⁺ Mg²⁺ Na⁺ Cl⁻ SO₄²⁻ HCO₃⁻ 
Ca²⁺ 1.000 0.961 0.919 0.914 0.763 0.897 
Mg²⁺  1.000 0.986 0.973 0.897 0.785 
Na⁺   1.000 0.970 0.926 0.723 
Cl⁻    1.000 0.914 0.687 
SO₄²⁻     1.000 0.437 
HCO₃⁻      1.000 
 
4.54 Cluster Four 
 Cluster 4 (C4) had the following major cation percentages in order of Na⁺ > Mg²⁺ > 
Ca²⁺, and the major anion was Cl⁻.  The correlation matrix showed a relation with 
Na⁺/HCO₃⁻ (r = 0.995, in milliequivalents per liter) and Na⁺/Cl⁻(r = 0.989, in 
milliequivalents per liter), and the dominate anions Cl-HCO₃ (r = 0.995, in milliequivalents 
per liter) (Table 4.6).  The scatter plot (Figure 4.10) supports the calculated ratios from the 
correlation matrix.  
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Figure 4.10  Scatter plot for chloride plus bicarbonate versus sodium show a strong r 
value and indication of rock/water interaction. 
 
Table 4.6  Correlation matrix for cluster four with strong r values for  sodium, chloride, and 
bicarbonate 
CLUSTER 4  
     
N = 13 *Ca²⁺ Mg²⁺ Na⁺ Cl⁻ SO₄²⁻ HCO₃⁻ 
Ca²⁺ 1.000 0.906 -0.076 0.050 0.809 0.006 
Mg²⁺  1.000 -0.206 -0.063 0.841 -0.130 
Na⁺   1.000 0.989 -0.072 0.995 
Cl⁻    1.000 0.046 0.995 
SO₄²⁻     1.000 0.019 
HCO₃⁻      1.000 
 
 4.55 Cluster Five 
 C5 was made a separate cluster based on the ion percentages calculated and the 
correlation matrix (Table 4.7) that showed a mix of ion ratios, in descending order, r-values 
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≥ 0.95, in milliequivalents per liter: Na⁺/Cl⁻ (r = 1.000) > Mg²⁺/Na⁺ (r = 0.999) > Mg²⁺/Cl⁻ 
(r = 0.998) > Mg²⁺/HCO₃⁻ (0.994) > Na⁺/HCO₃⁻ (r = 0.987) > Ca²⁺/Cl⁻ (r = 0.985) > 
Ca²⁺/Na⁺ (r = 0.981) > Ca²⁺/Mg²⁺ (r = 0.971) > Ca²⁺/SO₄²⁻ (r = 0.966).   
 
Table 4.7 Correlation matrix table for cluster 5 was a mix of ion rations and r-values 
CLUSTER 5       
N = 3 *Ca²⁺ Mg²⁺ Na⁺ Cl⁻ SO₄²⁻ HCO₃⁻ 
Ca²⁺ 1.000 0.971 0.981 0.985 0.966 0.938 
Mg²⁺  1.000 0.999 0.998 0.876 0.994 
Na⁺   1.000 1.000 0.898 0.987 
Cl⁻    1.000 0.907 0.984 
SO₄²⁻     1.000 0.816 
HCO₃⁻      1.000 
 
4.6  Grouping Results 
 To determine if there was a relation between the clusters a comparison analysis was 
conducted.  The comparison analysis among the five clusters found four overlapping 
groundwater groupings (Table 4.8, Figure 4.11), which points to a continuum of groundwater 
geochemical evolution controlled by  redox conditions as water enters the system as recharge 
until it eventually discharges at local seeps, springs and streams.   
 
Table 4.8  Groundwater groupings with clusters 
Groups 
Clusters 
C1 C2 C3 C4 C5 
G1 43 35 9 2 2 
G2 9 - 1 10 - 
G3 - - 2 - - 
G4 - - - 7 1 
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 4.61 Group One 
 Group-1 (G1) was the largest sample population of all the groups, showing a strong 
connection between C1 (number of sample (N) = 43) and C2 (N = 35) and a relation to a 
small number of samples from C3 (N = 9), C4 (N = 2) and C5 (N = 2).  Group-1 was 
predominately composed of Ca²⁺, Mg²⁺, Na⁺ cations and HCO₃⁻ anions.  Group 1 had the 
following groundwater types: calcium-bicarbonate, calcium-magnesium-bicarbonate, 
calcium-sodium-bicarbonate to sodium-bicarbonate.  
 4.62 Group Two 
 The governing clusters for group-2 (G2) included, in descending order: C4 (N = 10), 
C1 (N = 9), and one sample from C3.  The governing constituents of G2 included Na⁺, Mg²⁺ 
cations and HCO₃⁻, Cl⁻, SO₄²⁻ anions. Group-2 had the following groundwater types: 
sodium-chloride, sodium-magnesium-chloride, and sodium-chloride-bicarbonate. 
 4.63 Group Three 
 Group-3 (G3) contained two samples (24091102, 25071101) and predominately was 
a magnesium-sulfate, magnesium-sulfate-chloride type groundwater; Mg²⁺ (42 - 45%) and 
SO₄²⁻ (43 - 45%).  Sample 24091102 overlapped into G1, and consisted of a lower chloride 
percentage (27%) than 25071101 (Cl⁻ = 43%).   
4.64 Group Four 
  Group-4 (G4) extended into G2 and encompassed 7 samples from C4 and one 
sample from C5.  The controlling constituents for G4 were Na⁺, Ca²⁺, Mg²⁺, HCO₃⁻, and 
Cl⁻.  Group-4 consisted of a sodium-chloride-bicarbonate, sodium-magnesium-chloride-
bicarbonate, and mixed-chloride type groundwater. 
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5.0   DISCUSSION 
  Water from municipal water systems which is consumed by humans contains 
(concentrations that are within the EPA’s SDW standards) chemical elements like calcium, 
manganese, lead or arsenic but poses no significant risk to human health (Fitts, 2002).  Human 
health is at risk when chemical elements are present at threshold concentrations caused by 
pollution, acidification, and or the traverse of salt/fresh water.  Changes in chemical elements are 
due to a shift in ions that causes an imbalance in equilibrium resulting in a change in 
groundwater chemistry (Appelo and Postma, 2010).    
 Contamination in groundwater can occur through leaking underground storage tanks or 
pipelines (containing gasoline or petrol), industrial wastes, septic tanks, waste-water lagoons or 
the excessive application of pesticides, and through many other activities.  Assessing and 
quantifying groundwater chemistry and movement through an aquifer furthers our understanding 
of potential impacts to human health and provides a basis for the determination of possible 
outside contamination sources affecting the groundwater quality within the study area.  Three 
factors will be looked at to better assess and quantify the groundwater chemistry in the study area 
and how it plays a role in the areas groundwater quality. 1) recharge moving through thin organic 
rich soils 2) domestic water wells withdrawing from vertical fractures that interact with multiple 
lithologies that are dominated by sandstones and shales, and 3) the Western Interior Plains 
Confining systems very low permeability and normal south-trending faults that results in small 
isolated basins that are dominated by short lateral flow that discharge to seeps and springs.     
5.1  Groundwater Recharge   
 Groundwater recharge enters the study areas Western Interior Plains Confining system as 
precipitation in the form of rain, snow, etc.  The WIP is a relatively low permeability unit 
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governed by isolated groundwater basins dominated by secondary porosity and permeability 
associated with fractures, bedding planes and normal south-trending faults.  In the areas where 
these isolated groundwater basins contain topographic highs, recharge from precipitation (rain or 
snow) will enter the system with large volumes infiltrating water into vertical fractures.  The 
infiltration capacity in the vertical fractures is large at first and will decline over time as water 
percolates down through the unsaturated zone of the soil making its ways to the water-table 
(Fetter, 2001), then the saturated zone.   
 It is the hydrogen ion, measured as pH (pH = -log₁₀(aH⁺)) that is a master variable due to its 
participation in most of the chemical reactions in groundwater (Deutsch, 1997).  Coupled with 
pH is alkalinity, a measure of the total acid-neutralizing capacity of water, and acidity, a measure 
of the base-neutralizing capacity of water, are cumulative reactions that consume the hydrogen 
ions (Deutsch, 1997).   
 As recharge moves through the unsaturated zone it comes into contact with carbon-dioxide 
gas.  When the recharge interacts with the gas it dissolves minerals in the soil profile such as 
calcium, magnesium and sodium until it reaches equilibrium concentrations (Drever, 1982).  The 
precipitation, that infilitrates the groundwater will be relatively acidic (on average 5.5) due to the 
carbon-dioxide gas (Fitts, 2001).  Most natural waters (within the 6.0-8.5 pH range) are buffered 
by dissolved carbon dioxide, water is said to be buffered when pH is not altered greatly by the 
addition of acids or bases (Hem, 1985).  The buffering capacity is important in an aquifer system 
to help maintain the pH of the system (Deutsch, 1997).  In the study area where clean sandstones 
(grains are not cemented by calcite) are present the pH is held below the buffering range of 
dissolved carbon dioxide species, such is the case in parts of the study area where the pH values 
were 3.8.
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 In relatively clean sandstones where lower pH values are observed, seasonal variations and 
groundwater decline caused a significant change in the chemical state of the groundwater.  
During low-flow conditions the aquifer system in the area will have a build-up of organic matter 
(broken down plant debris and animal remains).  When recharge enters the very low permeability 
system it interacts with the built-up organic material, iron-coated sand grains, clays, and shales, 
within the soils and aquifer system causing redox processes to occur.   
5.2 Redox Processes 
 Redox refers to oxidation and reduction reactions, which occur when an electron is 
transferred from one atom to another, this process is very slow and the rate of transfer can be 
increased by bacterial catalysis (Appelo and Postma, 2010).    An atom that gains an electron is 
said to be reduced (an acceptor) and the atom that gives up an electron is oxidized (a donor) 
(Fitts, 2002).  Champ and others (1979) and Appelo and Postma (2010) explain that redox 
environments are characterized by the direct ongoing redox process indicated by the groundwater 
geochemistry while Berner in 1981 (Appelo and Postma, 2010) illustrated (Figure 5.1) oxic and 
anoxic environments.   
 The Redox processes are important in determining what naturally occurring metals are 
mobilized or immobilized, anthropogenic contaminants degraded or preserved, and/or what by-
products are generated, in an aquifer system (McMahon and Chapelle, 2008).  Lower pH values 
in the aquifer system arise due to organic matter reducing or oxidizing minerals containing: 
ferrous iron (Fe²⁺) or reduced sulfur (SO₄²⁻) species (Drever, 1982).  Sediments deposited in 
reducing environments are often associated with clays and shales that have the presence of 
sulfide minerals and reduced iron minerals like pyrite and siderite.  Solutions moving through 
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sedimentary rock rich in organic material or geologic material with pyrite species, can maintain 
reducing conditions for long periods of time only to later have oxygen brought into the system 
allowing for oxidation or reduction reactions (Hem, 1985).   
 Depleted oxygen concentrations are often observed in the shallow groundwater systems of 
the WIP.  These conditions are enhanced by limited lateral flow resulting in   the reduction of 
oxygen circulating through the aquifer, often enhanced or facilitated by the decay of built-up 
organic matter (oxidation reaction) (Appelo and Postma, 2010).  The microorganisms using the 
organic matter as an energy source will readily deplete available dissolved oxygen (dissolved 
oxygen produces the most energy per mole) in the system (McMahon and Chapelle, 2008).  As 
the aquifer is depleted of oxygen concentrations the microorganisms will seek out a new source 
of energy.  The next most favorable electron acceptor to be consumed is nitrate. 
 5.21  Nitrate 
 Nitrate concentrations in groundwater can be derived from faulty septic tanks, 
sewage discharge, oxidation of organic materials, farming and/or agricultural processes.  In 
the study area sample (28071103) contained excesses amounts of nitrate most likely from an 
anthropogenic source.  The groundwater well where the sample was taken from was located 
directly on a poultry farm, in operation since the 1960’s.  If nitrate is present in the 
groundwater and is immobile it must be reduced.  Due to nitrate not precipitating (no 
insoluble minerals) nor being absorb significantly (Appelo and Postma, 2010) 
microorganisms will use the oxygen in nitrate (denitrification) as a source of energy.  
Denitrifications is when bacteria mediates the reduction of nitrate to nitrogen gas 
(McMahon and Chapelle, 2008).  As illustrated in Figure 5.1 once oxygen concentrations 
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have been depleted from the nitrate the next constituent to be reduced in the system is 
manganese and iron. 
 5.22  Manganese and Iron 
 An aquifer that contains higher concentrations of manganese and iron (≥0.05) 
indicates the geochemical environment is relatively free of dissolved oxygen and dissolved 
sulfide (Groschen, et.al. 2009).  During the purge process some wells initially dispensed 
clear groundwater but eventually turned cloudy or brown, an indicator that the groundwater 
lacked oxygen and lower pH values (≤ 7).  The discolored groundwater indicates the aquifer 
was under anoxic conditions and once exposed at the surface groundwater became oxidized 
causing Fe²⁺ and Mn²⁺ to precipitate.  The lack of oxygen in the system also caused 
manganese and iron to precipitate in the sample bottle before the laboratory had time to 
analyze collected groundwater samples.  Analyzed groundwater samples showed a 
disproportionate amount of manganese (Mn²⁺) and iron (Fe²⁺) indicating the lack of oxygen 
in the system. 
 Micro-organisms in soils and rocks are also involved in the oxidation or reduction of 
Fe²⁺ which is slowly released into the groundwater (Hem, 1985).  Iron is one of the most 
common chemical constituents contained in geological materials.  The reaction of bacteria 
coupled with pyrite acts as a source for Fe²⁺ and SO₄²⁻ in groundwater and of heavy metals 
in general in the environment (Appelo and Postma, 2010). An acidic solution can increase 
the rate of ferrous iron (Fe²⁺) and ferric iron (Fe³⁺) to reduce or oxidize within the system 
(Hem, 1985).   
 Sediments deposited in reducing environments are often associated with clays and 
shales that have the presence of sulfide minerals and reduced iron minerals like pyrite and 
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siderite. Solutions moving through sedimentary rock rich in organic material or geologic 
material with pyrite species, can maintain reducing conditions for long periods of time only 
to later have oxygen brought into the system allowing for oxidation or reduction reactions 
(Hem, 1985).   If pyrite is in the upper portion of the saturated zone then the oxygen 
concentrations are greater, but with depth sulfate and iron will increase as oxygen 
concentrations decrease (Appelo and Postma, 2010), which is shown in Figure 5.2.   
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Figure 5.2 The scatter plot shows what stage the redox process is at.  The reaction of 
bacteria coupled with pyrite acts as a source for Fe²⁺ and SO₄²⁻ in groundwater and 
over time iron and sulfate will increase as oxygen concentrations decreases. 
 
 5.23  Sulfate and Methane 
 When sulfide reduces there is little to no oxygen left in the system and hydrogen 
sulfide is left as a byproduct of bacterial sulfate reduction in anoxic groundwaters.  The 
byproduct of hydrogen sulfide (H2S) is often indicated by the presence of a "rotten-egg" 
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odor, which can be detected at concentrations as low at 0.1, in micrograms per liter (μg/L) 
and was frequently reported by residents across the study area (Tate and Arnold, 1990).  
 Methane production in groundwater is the last step in the redox process and occurs 
where organic matter has been fermented (Appelo and Postma, 2010).  This can be biogenic 
methane that forms from the decay of organic matter or thermogenic methane that rises to 
the surface after forming deep within the earth (King, 2012).  Field-measurements for 
methane were taken, but due to the uncertainty of the methane detectors relatively high 
detection limit and overall accuracy the data were omitted from the report.  Groundwater 
samples were not laboratory analyzed for methane and therefore were not included in this 
report.   
 Methane, hydrogen-sulfide, and/or the presence of iron in domestic groundwater 
wells are not an uncommon occurrence in the study area.  Domestic groundwater wells 
producing from multiple boreholes, can encounter multiple redox zones and mixing of 
groundwater.  The conceptual models, Figures 5.3 and 5.4, demonstrate how domestic water 
wells in the study area with open boreholes can cause groundwater to be exposed and/or 
produced from multiple lithologies. The multiple lithologies exposed in the aquifer 
determine what minerals are present in the groundwater which ultimately result in the  
different groundwater types observed throughout the region.  
5.3 Geochemical Evolution  of Groundwater 
The minerals within the lithologies will react at different rates upon contact with the groundwater 
(Appelo and Postma, 2010) giving way to multiple groundwater types.  Table 5.1 shows 
Deutsch’s (1997) common classes of reactive minerals, minerals that will dissolve into or 
68 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
    
F
ig
u
re
 5
.3
 S
im
il
ar
 t
o
 t
h
e 
st
u
d
y
 a
re
a 
th
is
 c
o
n
ce
p
tu
al
 m
o
d
el
 s
h
o
w
s 
a 
d
o
m
es
ti
c 
w
at
er
 w
el
l 
d
ri
ll
ed
 
in
 a
n
 a
re
a 
w
it
h
 n
o
rm
al
 s
o
u
th
w
ar
d
 t
re
n
d
in
g
 f
au
lt
s 
an
d
 v
er
ti
ca
l 
fr
ac
tu
re
s.
 
69 
 
 
 
 
 
F
ig
u
re
 5
.4
 C
o
n
ce
p
tu
al
 m
o
d
el
 s
h
o
w
in
g
 a
 d
o
m
es
ti
c 
w
at
er
 w
el
l 
w
it
h
 a
n
 o
p
en
 b
o
re
h
o
le
 
in
te
rs
ec
ti
n
g
 v
er
ti
ca
l 
fr
ac
tu
re
s 
ca
u
si
n
g
 v
ar
ia
ti
o
n
s 
in
 g
ro
u
n
d
w
at
er
 t
y
p
es
. 
70 
 
precipitate out of the groundwater in a certain amount of residence time. The common rock- 
forming minerals of sedimentary rocks; clays, calcite, quartz, ferrihydrite, and dolomite 
Table 5.1 Reactive minerals in soil and aquifer environments.  Modified from Deutsch’s (1997) 
common classes of reactive minerals. 
Carbonates Oxides/hydroxides Silicates 
Calcite [CaCO₃] Ferrihydrite [Fe(OH)₃] Clay 
Dolomite [CaMg(CO₃)₂]   
Siderite [FeCO₃]   
Magnesian Calcite [(Ca,Mg)CO₃]   
   
Sulfides Sulfates  
Pyrite [FeS₂] Gypsum [CaSO₄∙2H₂O]  
 
present as solids in the aquifer will dissolve, while releasing constituents into the groundwater 
(Deutsch, 1997).  The constituents that were chosen to be analyzed are elements present in 
moderate concentrations in a typical aquifer and form relatively soluble secondary minerals such 
as carbonates and sulfates, they included the major cations and ions; calcium, magnesium, 
sodium, and potassium, bicarbonate, sulfate, and chloride (Deutsch, 1997).   
 5.31  Calcium 
 The groundwater flow starts with the recharge entering the system and interacting 
with the carbon-dioxide gas.  The groundwater first entering the aquifer will have higher 
concentrations of calcium and bicarbonates and will gradually decrease in calcium as cation 
exchange occurs.  The laboratory analyzed groundwater data for the study area, showed 
cluster-2 predominatly dominate in Ca²⁺ and HCO₃⁻ ions but shows magnesium (Mg²⁺), 
strontium (Sr²⁺), sulphate (SO₄²⁻), barium (Ba²⁺), contributing to the groundwater.  It is not 
uncommon to see Sr²⁺ in the presence of Ca²⁺and can often replace Ca²⁺ or potassium (K⁺) 
(in small amounts), where igneous-rock minerals are present (Hem, 1985).  North of the 
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main study area, in the Precambrian aged St. François Mountains igneous rocks can be 
found.  But the constituents are more likely coming from the carbonate sources (limestones 
and dolestones) that are present in the study area. 
 The scatter plot for Cluster two (Figure 4.9) and the associated correlation matrix 
(Table 4.4) also shows calcium and bicarbonate as the dominate ions.  The scatter plot 
shows calcium and bicarbonate with a positive correlation at lower concentrations indicating 
the dissolution and buffering of calcium-carbonate.  A poor correlation between calcium and 
bicarbonate at higher concentrations shows there is cation exchange occurring, which is an 
indication of 1) steeper hydraulic gradient, 2) fresh water entering the system, and/or 3) 
longer the residence.    
  Areas with calcium-bicarbonate type groundwaters were observed in regions where 
the study area had steeper hydraulic gradients.  In higher elevations like the Boston 
Mountains, the study area contained limestone and/or calcareous sandstones where calcium-
bicarbonate type groundwaters are observed.  In limestones and dolomites (CaMg(CO₃)₂) it 
is common to see Mg²⁺ in the presences of Ca²⁺ and Na⁺.   
5.32  Magnesium 
 Magnesium occurs in limestone and dolostone in significant amounts and the 
dissolution of limestone causes magnesium to be brought into solution (Hem, 1985).   The 
magnesium ion can easily insert itself into the six octahedral structure of water, because of 
its small ion structure (Hem, 1985) through rock/water interaction while kicking Ca²⁺ off.  
Magnesium and calcium can be transferred onto clay and shales (that have a high cation-
exchange) edge charges while releasing sodium in to solution. Magnesium can also be 
released into groundwater by weathering of igneous rocks, and precipitates from marine 
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deposits.  The Piper diagram (Figure 4.8) for cluster 3 showed how magnesium interacts 
with the minerals and rocks to start forming magnesium-calcium-bicarbonate or 
magnesium-sodium-bicarbonate type groundwaters.  Cluster 3 also indicates shorter 
residence time with magnesium-calcium-chloride type groundwater and magnesium-
sodium-chloride type water, which could mean longer residence time.   
5.33  Chloride 
 The chloride, from the magnesium-sodium-chloride and magnesium-calcium-
chloride type waters is naturally circulating in the groundwaters at relatively shallow depths 
is derived from rain water, near coastlines, or from minerals making up the areas rock 
matrix.  Sources for chloride can also come from anthropogenic sources: deicing salts, 
landfills, agriculture, wastewater and water treatment facilities; natural sources: oceans, 
natural weathering of bedrock, weathering of surface materials or soils, geological deposits 
containing halite, saline groundwaters (brines), and volcanic activity (Mullaney and others, 
2009).   
 5.34  Sodium 
 Sodium is a principal constituent for shales and clays especially for groundwaters in 
clays because of their ability to transfer sodium into solution while picking up Ca²⁺ and 
Mg²⁺.  Clay minerals are the most common ion exchanger in the soil and aquifers (Deutsch, 
1997), the sodium present in the aquifer will remain on the mineral surfaces until an edge 
charge picks up a cation like Ca²⁺ and kicks off Na⁺ into solution.  Locations in the study 
area, where continuous fluctuations in the water-table occur, altered the water-circulation 
pattern allowing higher concentrations of sodium previously stored to move into solution 
through sandstones, clays and shales.   
73 
 
 Marine shales, in the Atoka Formation, retained higher concentrations of sodium, 
because of a lack of freshwater, possibly caused by the Western Interior Confining systems 
low permeability, to circulate through the system to flush out sodium. Sandstones that were 
under marine conditions when deposited may have absorbed sodium ions and at a later time 
readily allowed groundwater to move through pore spaces flushing out the system of any 
residual concentrations of sodium. These sandstones may also have chemical characteristics 
altered through ion-exchange (Hem, 1985) which is evident on the Piper diagram (Figure 
4.12) where sodium increases and calcium decreases as calcium replaces sodium on the 
exchange sites.  Sodium deposited with sediments or by saline water that entered the system 
at some point later will have salts that go into solution, but are quickly removed from the 
sediments after there has been uplift or other environmental changes (Hem, 1985; Appelo 
and Postma, 2010).   
 The saline water (sodium-chloride type groundwaters) can also come from in-home 
water treatment equipment, such as water softeners, which act much like clay in nature, by 
attracting calcium, while kicking Na⁺ off the exchange site, thus making the water softer.    
Mulaney and others (2009) found that in private drinking-water well supplies there were 
slightly higher Cl:Br isotopes.  Mulaney and others (2009) contributed the higher chloride 
concentrations to deicing salt, water-softening salt, and sewage and animal waste.  Those 
groundwater samples in the study area containing higher (> 100 mg/L) chloride 
concentrations could be caused by the residents agricultural practices, septic tanks, and/or 
water-softening equipment, or they might simply be from contact with shales exposed in the 
wellbore.  Another reason for the sodium-chloride and sodium-bicarbonate type waters is 
longer residence time pointing to more evolved groundwaters in the aquifer system. 
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 Sodium-bicarbonate the dominate groundwaters type for the study area are 
characteristic of longer residence time, deeper groundwater regimes, and sediments that 
have been cemented by crystals of readily soluble sodium salts.  The scatter plot for Cluster-
1 (Figure 4.8) showed a trending upwards (as sodium increased bicarbonate increased), an 
indication of rock/water interaction, as sodium was added into solution calcium was 
replaced.   The longer the groundwater is in the aquifer the greater the reaction with the 
minerals and higher dissolved mineral content (Nelson, 2002).  The pH for sodium-
bicarbonate waters will be higher (above 8) due to calcite dissolution as fresh water is 
introduced into the system (Appelo and Postma, 2010).  Recharge entering the system where 
sodium-bicarbonate waters are present will flush out the aquifer system, causing the waters 
to shift to a more calcium-bicarbonte water type.  In some areas groundwater may change 
groundwater types rapidly due to rapid groundwater flow and/or where the cation exchange 
capacity is smaller (Appelo and Postma, 2010). 
5.4 Groundwater Flow and Discharge  
 Since groundwater chemistry is controlled in large part by aquifer lithology, the spatial 
distribution is also controlled by the lithology.  In areas dominated by sandstone which has been 
flushed over time of all but the iron and manganese, we observe very low TDS waters.  In areas 
dominated by shales which contain iron bearing minerals such as pyrite and siderite we observe 
higher TDS waters.  Areas of mixed lithology fall between these two end members.   
 Figure 5.5 shows a select few, groundwater samples Stiff diagrams spatially distributed on 
a map of the study areas geology.  The Stiff diagrams, for the study area shows no distinct 
regional flow, but rather illustrate isolated groundwater basins with individual groundwater 
evolution patterns.  The study areas aquifer system has recharge entering the system with most of 
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the flow in the vertical fractures and along bedding planes. Groundwater travels a short distance 
before discharging into seeps or springs.  Because of this, groundwater geochemical evolution in 
the study area is controlled principally by three components.  The first is recharge through the 
thin organic rich soils. The second is interaction with multiple lithologies dominated by 
sandstones and shales, and the third is the very low permeability of the aquifer which results 
small isolated basins dominated by short lateral flow to seeps and springs.   
 The study area is not a typical aquifer system, but instead is an area governed by isolated 
groundwater basins caused by normal south-ward trending faults.  Recharge enters the Western 
Interior Confining system, a relatively low permeability unit, where rapid recharge, low 
residency time and flow in the system are dominated by secondary porosity and permeability 
associated with faults, fractures and bedding planes.  Recharge travels only a short distance in 
the WIP system before discharging into seeps or springs.  Groundwater flow will take the 
shortest path through layers with a low-conductivity. At shallow depths groundwater flow is 
predominantly driven by gradient of the water table (Fitts, 2002).   
 In typical aquifer systems, dominated by matrix porosity, recharge enters the system and 
travels along flow-paths for long periods giving groundwater time to gradually evolve into 
naturally occurring type waters related to mineralogy of the matrix.  Cloutier and others (2008) 
provide examples example of what a classic groundwater geochemical evolution pattern with 
long extended lateral flow path would be.  
 Cloutier and others (2008) used a spatial distribution of groundwater samples plotted across 
a geological map of Paleozoic Basses-Laurentides sedimentary rock aquifer system in Québec, to 
look at the hydrochemical evolution of groundwater.  Cloutier and others (2008) divided  
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 Paleozoic Basses-Laurentides aquifer system based on multivariate statistical analysis, into four 
main geochemical areas; 1) Western End 2) Central Crests and Valleys, 3) Eastern Area, and 4) 
the Far Eastern End, with unconfined or semi-confined and confined conditions.  What Cloutier 
and others (2008) found in the Western End with unconfined conditions and a strong hydraulic 
gradient consisting of dolostone and limestone formations were characterized as calcium-
magnesium-bicarbonate to sodium bicarbonate type groundwaters.  In the Central Crests and 
Valleys with unconfined crests in recharge zones, consisting of sandstones and dolostone 
formations were characterized as calcium-magnesium-bicarbonate and sodium-bicarbonate to 
sodium-chloride type groundwaters were found in the confined to semi-confined buried valleys, 
suggesting calcium-sodium ion exchange.  The Eastern Area had a small hydraulic gradient and 
was an unconfined plateau recharge zone, consisting mainly of dolostone were characterized by 
calcium-magnesium-bicarbonate with elevated levels of iron, manganese, and sulfate.  Clouiter 
and others (2008) last site, the Far Eastern End, was generally a confined region with a low 
hydraulic gradient and consisted of dolostone and limestone, characterized by sodium-
bicarbonate to sodium-chloride type groundwaters with elevated concentrations of fluoride and 
barium.   
 The sytem described by Clouiter and others (2008) differs from that of the study area 
because the study area is characterized by very low permeability units where flow is dominated 
by secondary porosity and permeability.  Flow occurs in isolated basins as previously described 
and moves laterally only short distances to discharge at seeps and springs.   Groundwater 
geochemistry in this system is controlled by recharge through the thin organic rich soils and 
contact with the varying lithologies that make up the WIP.  The end result is a heterogeneous 
spatial distribution of water types throughout the study area as observed by the Stiff diagrams 
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shown in Figure 5.5 as compared to a more predictable linearly distributed water type 
distribution observed by Clouiter and others. 
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6.0 CONCLUSIONS 
 
The purpose of the study was to identify domestic water wells to establish a spatially 
distributed data set of groundwater quality, throughout the Fayetteville Shale Gas Play (FSGP) in 
central Arkansas. The assessment included: research of the study area, site reconnaissance, water 
sampling and collection, interviews with owners of the property, analytical analysis, Quality 
Assurance and Quality Control, and groundwater data interpretation. 
The groundwater quality data characterized the geology across the study area, and was 
specifically tied to the varying lithologies within formations.  The groundwater data also showed 
a strong relation to groundwater evolution through the processes of redox and ion exchange, due 
to direct rock/water interaction.   
The collection and interpretation of the data will hopefully provide a baseline to assist 
residents with concerns about potential impacts on the quality of their groundwater.  Based on 
the data of 105 groundwater samples, all wells were within the USGS’s pre-existing groundwater 
quality parameters for central Arkansas.  A few groundwater samples showed outliers possibly 
due to anthropogenic conditions, laboratory error, and/or field collection issues.  Two 
constituents (iron and manganese) exceeded the EPA’s SDW SMCLs in several of the 
groundwater samples, but pose no health risks to humans.   
Based on the multivariate statistical analysis, Piper diagrams, and scatter plots, five 
groundwater clusters and four groupings were recognized.  Cluster one and two had the dominate 
constituents (sodium and calcium-bicarbonate) and Group 1 with the dominate groundwater type 
(sodium-bicarbonate).  Iron, manganese, and sulfate are key constituents in the areas 
groundwater oxidation-reduction processes.  Iron and sulfate have caused residents to be 
subjected to aesthetically displeasing taste, odor, and stains on fixtures because of the vertical 
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fractures, where groundwater is stored has undergone redox processes in the water wells 
borehole.     
Unlike Clouiter and others (2008) classic groundwater flow system, the study areas  Stiff 
diagrams tells us is that the area shows no discernible pattern because the groundwater quality is 
controlled by the lithology within each of the well bores and basins.  The area does show classic 
water type end members and accelerated groundwater chemistry evolution and redox conditions 
which are evident based on the scatter plots, clustering and group analysis, with Cluster one and 
two having the dominate constituents (sodium and calcium-bicarbonate) and Group 1 with the 
dominate groundwater type (sodium-bicarbonate).  Iron, manganese, and sulfate are also key 
constituents in the areas groundwater through oxidation-reduction processes that have caused 
residents to be subjected to aesthetically displeasing taste, odor, and stains on fixtures.  
The direct rock/water interaction and redox processes that creates the groundwater 
quality in the study area are controlled by three factors 1) recharge percolating through thin 
organic rich soils 2) domestic water wells withdrawing from vertical fractures that interact with 
multiple lithologies dominated by sandstones and shales, and 3) normal south-trending faults and 
very low permeability in the Western Interior Plains Confining system that results in small 
isolated basins that are dominated by short lateral flow to seeps and springs.  The groundwater 
quality data for the area exhibits classic water type end members, and shows an accelerated 
continuum of groundwater chemistry evolution on account of the study areas lithology’s highly 
reactive geochemical properties.   
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Appendix B-4 
 
Mann-Whitney Rank Sum Test  
 
Dependent Variable: Barium  
Normality Test (Shapiro-Wilk) Failed (P < 0.050) 
Group N  Missing  Median    25%      75%     
Shale 75 0 0.0590 0.0330 0.0990  
Sandstone 30 0 0.0190 0.00948 0.0635  
Mann-Whitney U Statistic= 686.000 
T = 1151.000  n(small)= 30  n(big)= 75  (P = 0.002) 
The difference in the median values between the two groups is greater than would be expected 
by chance; there is a statistically significant difference  (P = 0.002) 
 
Dependent Variable: Beryllium  
Normality Test (Shapiro-Wilk) Failed (P < 0.050) 
Group N  Missing  Median    25%      75%     
Shale 75 0 0.000150 0.000150 0.000150  
Sandstone 30 0 0.000150 0.000150 0.000150  
Mann-Whitney U Statistic= 951.000 
T = 1764.000  n(small)= 30  n(big)= 75  (P = 0.002) 
The difference in the median values between the two groups is greater than would be expected 
by chance; there is a statistically significant difference  (P = 0.002) 
 
Dependent Variable: HCO3  
Normality Test (Shapiro-Wilk) Failed (P < 0.050) 
Group N  Missing  Median    25%      75%     
Shale 75 0 183.000 134.200 231.800  
Sandstone 30 0 7.625 2.684 43.005  
Mann-Whitney U Statistic= 51.000 
T = 516.000  n(small)= 30  n(big)= 75  (P = <0.001) 
The difference in the median values between the two groups is greater than would be expected 
by chance; there is a statistically significant difference  (P = <0.001)
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Dependent Variable: Calcium  
Normality Test (Shapiro-Wilk) Failed (P < 0.050) 
Group N  Missing  Median    25%      75%     
Shale 75 0 17.000 9.500 34.000  
Sandstone 30 0 2.900 1.900 7.025  
Mann-Whitney U Statistic= 327.000 
T = 792.000  n(small)= 30  n(big)= 75  (P = <0.001) 
The difference in the median values between the two groups is greater than would be expected 
by chance; there is a statistically significant difference  (P = <0.001) 
 
Dependent Variable: Chloride  
Normality Test (Shapiro-Wilk) Failed (P < 0.050) 
Group N  Missing  Median    25%      75%     
Shale 75 0 9.100 3.400 27.000  
Sandstone 30 0 4.300 2.475 10.000  
Mann-Whitney U Statistic= 720.000 
T = 1185.000  n(small)= 30  n(big)= 75  (P = 0.004) 
The difference in the median values between the two groups is greater than would be expected 
by chance; there is a statistically significant difference  (P = 0.004) 
Dependent Variable: Fluoride  
Normality Test (Shapiro-Wilk) Failed (P < 0.050) 
Group N  Missing  Median    25%      75%     
Shale 75 0 0.170 0.0500 0.350  
Sandstone 30 0 0.0500 0.0500 0.133  
Mann-Whitney U Statistic= 645.000 
T = 1110.000  n(small)= 30  n(big)= 75  (P = <0.001) 
The difference in the median values between the two groups is greater than would be expected 
by chance; there is a statistically significant difference  (P = <0.001) 
Dependent Variable: Iron  
Normality Test (Shapiro-Wilk) Failed (P < 0.050) 
Group N  Missing  Median    25%      75%    
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Shale 75 0 0.560 0.180 2.400  
Sandstone 30 0 0.205 0.0405 1.850  
Mann-Whitney U Statistic= 898.000 
T = 1363.000  n(small)= 30  n(big)= 75  (P = 0.108) 
The difference in the median values between the two groups is not great enough to exclude the 
possibility that the difference is due to random sampling variability; there is not a statistically 
significant difference  (P = 0.108) 
 
Dependent Variable: Magnesium  
Normality Test (Shapiro-Wilk) Failed (P < 0.050) 
Group N  Missing  Median    25%      75%     
Shale 75 0 7.100 3.200 11.000  
Sandstone 30 0 1.900 1.375 3.100  
Mann-Whitney U Statistic= 476.500 
T = 941.500  n(small)= 30  n(big)= 75  (P = <0.001) 
The difference in the median values between the two groups is greater than would be expected 
by chance; there is a statistically significant difference  (P = <0.001) 
Dependent Variable: Manganese  
Normality Test (Shapiro-Wilk) Failed (P < 0.050) 
Group N  Missing  Median    25%      75%     
Shale 75 0 0.130 0.0450 0.340  
Sandstone 30 0 0.110 0.0373 0.420  
Mann-Whitney U Statistic= 1091.000 
T = 1556.000  n(small)= 30  n(big)= 75  (P = 0.812) 
The difference in the median values between the two groups is not great enough to exclude the 
possibility that the difference is due to random sampling variability; there is not a statistically 
significant difference  (P = 0.812) 
Dependent Variable: Nitrate as N  
Normality Test (Shapiro-Wilk) Failed (P < 0.050)
Group N  Missing  Median    25%      75%     
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Shale 75 0 0.0250 0.0250 0.0250  
Sandstone 30 0 0.780 0.0468 3.650  
Mann-Whitney U Statistic= 379.000 
T = 2336.000  n(small)= 30  n(big)= 75  (P = <0.001) 
The difference in the median values between the two groups is greater than would be expected 
by chance; there is a statistically significant difference  (P = <0.001) 
 
Dependent Variable: Sodium  
Normality Test (Shapiro-Wilk) Failed (P < 0.050) 
Group N  Missing  Median    25%      75%     
Shale 75 0 27.000 14.000 71.000  
Sandstone 30 0 5.750 2.900 8.225  
Mann-Whitney U Statistic= 212.000 
T = 677.000  n(small)= 30  n(big)= 75  (P = <0.001) 
The difference in the median values between the two groups is greater than would be expected 
by chance; there is a statistically significant difference  (P = <0.001) 
 
Dependent Variable: Strontium  
Normality Test (Shapiro-Wilk) Failed (P < 0.050) 
Group N  Missing  Median    25%      75%     
Shale 75 0 0.120 0.0510 0.200  
Sandstone 30 0 0.0200 0.00835 0.0350  
Mann-Whitney U Statistic= 270.500 
T = 735.500  n(small)= 30  n(big)= 75  (P = <0.001) 
The difference in the median values between the two groups is greater than would be expected 
by chance; there is a statistically significant difference  (P = <0.001) 
Dependent Variable: Sulfate  
Normality Test (Shapiro-Wilk) Failed (P < 0.050) 
Group N  Missing  Median    25%      75%    
Shale 75 0 7.900 3.300 16.000  
Sandstone 30 0 2.250 0.463 4.150  
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Mann-Whitney U Statistic= 469.000 
T = 934.000  n(small)= 30  n(big)= 75  (P = <0.001) 
The difference in the median values between the two groups is greater than would be expected 
by chance; there is a statistically significant difference  (P = <0.001) 
Dependent Variable: Potassium  
Normality Test (Shapiro-Wilk) Failed (P < 0.050) 
Group N  Missing  Median    25%      75%     
Shale 75 0 0.500 0.500 0.500  
Sandstone 30 0 0.500 0.500 0.500  
Mann-Whitney U Statistic= 998.500 
T = 1463.500  n(small)= 30  n(big)= 75  (P = 0.153) 
The difference in the median values between the two groups is not great enough to exclude the 
possibility that the difference is due to random sampling variability; there is not a statistically 
significant difference  (P = 0.153) 
 
Dependent Variable: Measured TDS  
Normality Test (Shapiro-Wilk) Failed (P < 0.050) 
Group N  Missing  Median    25%      75%     
Shale 75 0 210.000 140.000 280.000  
Sandstone 30 0 54.000 29.500 74.000  
Mann-Whitney U Statistic= 120.500 
T = 585.500  n(small)= 30  n(big)= 75  (P = <0.001) 
The difference in the median values between the two groups is greater than would be expected 
by chance; there is a statistically significant difference  (P = <0.001) 
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Appendix C-2  Chemicals used in the hydraulic fracturing process.  Table modified 
From FracFocus (2012b). 
Chemical Name Chemical Purpose Product 
Function 
Hydrochloric Acid Helps dissolve minerals and 
initiate cracks in the rock 
Acid 
Glutaraldehyde Eliminates bacteria in the water 
that produces corrosive by-
products 
Biocide 
Quaternary Ammonium 
Chloride 
Eliminates bacteria in the water 
that produces corrosive by-
products 
Biocide 
Tetrakis Hydroxymethyl-
Phosphonium Sulfate 
Eliminates bacteria in the water 
that produces corrosive by-
products 
Biocide 
Ammonium Persulfate Allows a delayed break down of 
the gel 
Breaker 
Sodium Chloride Product Stabilizer Breaker 
Magnesium Peroxide Allows a delayed break down 
the gel  
Breaker 
Magnesium Oxide Allows a delayed break down 
the gel  
Breaker 
Calcium Chloride Product Stabilizer Breaker 
      
Choline Chloride Prevents clays from swelling or 
shifting 
Clay Stabilizer 
Tetramethyl Ammonium 
Chloride 
Prevents clays from swelling or 
shifting 
Clay Stabilizer 
Sodium Chloride Prevents clays from swelling or 
shifting 
Clay Stabilizer 
Isopropanol Product stabilizer and / or 
winterizing agent 
Corrosion 
Inhibitor 
Methanol Product stabilizer and / or 
winterizing agent 
Corrosion 
Inhibitor 
Formic Acid Prevents the corrosion of the 
pipe 
Corrosion 
Inhibitor 
Acetaldehyde Prevents the corrosion of the 
pipe 
Corrosion 
Inhibitor 
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Chemical Name Chemical Purpose 
Product 
Function 
Petroleum Distillate 
Carrier fluid for borate or 
zirconate crosslinker 
Crosslinker 
Hydrotreated Light Petroleum 
Distillate 
Carrier fluid for borate or 
zirconate crosslinker 
Crosslinker 
Potassium Metaborate 
Maintains fluid viscosity as 
temperature increases 
Crosslinker 
Triethanolamine Zirconate 
Maintains fluid viscosity as 
temperature increases 
Crosslinker 
Sodium Tetraborate 
Maintains fluid viscosity as 
temperature increases 
Crosslinker 
Boric Acid 
Maintains fluid viscosity as 
temperature increases 
Crosslinker 
Zirconium Complex 
Maintains fluid viscosity as 
temperature increases 
Crosslinker 
Borate Salts 
Maintains fluid viscosity as 
temperature increases 
Crosslinker 
Ethylene Glycol 
Product stabilizer and / or 
winterizing agent.  
Crosslinker 
Methanol 
Product stabilizer and / or 
winterizing agent.  
Crosslinker 
Polyacrylamide 
“Slicks” the water to minimize 
friction  
Friction Reducer 
Petroleum Distillate 
Carrier fluid for polyacrylamide 
friction reducer 
Friction Reducer 
Hydrotreated Light Petroleum 
Distillate 
Carrier fluid for polyacrylamide 
friction reducer 
Friction Reducer 
Methanol 
Product stabilizer and / or 
winterizing agent.  
Friction Reducer 
Ethylene Glycol 
Product stabilizer and / or 
winterizing agent.  
Friction Reducer 
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Chemical Name Chemical Purpose 
Product 
Function 
Guar Gum 
Thickens the water in order to 
suspend the sand 
Gelling Agent 
Petroleum Distillate 
Carrier fluid for guar gum in 
liquid gels 
Gelling Agent 
Hydrotreated Light Petroleum 
Distillate 
Carrier fluid for guar gum in 
liquid gels 
Gelling Agent 
Methanol 
Product stabilizer and / or 
winterizing agent. 
Gelling Agent 
Polysaccharide Blend 
Thickens the water in order to 
suspend the sand 
Gelling Agent 
Ethylene Glycol 
Product stabilizer and / or 
winterizing agent. 
Gelling Agent 
Citric Acid 
Prevents precipitation of metal 
oxides 
Iron Control 
Acetic Acid 
Prevents precipitation of metal 
oxides 
Iron Control 
Thioglycolic Acid 
Prevents precipitation of metal 
oxides 
Iron Control 
Sodium Erythorbate 
Prevents precipitation of metal 
oxides 
Iron Control 
Lauryl Sulfate 
Used to prevent the formation of 
emulsions in the fracture fluid 
Non-Emulsifier 
Isopropanol 
Product stabilizer and / or 
winterizing agent. 
Non-Emulsifier 
Ethylene Glycol 
Product stabilizer and / or 
winterizing agent. 
Non-Emulsifier 
Sodium Hydroxide 
Adjusts the pH of fluid to 
maintains the effectiveness of 
other components, such as 
crosslinkers 
pH Adjusting 
Agent 
Potassium Hydroxide 
Adjusts the pH of fluid to 
maintains the effectiveness of 
other components, such as 
crosslinkers 
pH Adjusting 
Agent 
Acetic Acid 
Adjusts the pH of fluid to 
maintains the effectiveness of 
other components, such as 
crosslinkers 
pH Adjusting 
Agent 
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Chemical Name Chemical Purpose 
Product 
Function 
Sodium Carbonate 
Adjusts the pH of fluid to 
maintains the effectiveness of 
other components, such as 
crosslinkers  
pH Adjusting 
Agent 
Potassium Carbonate 
Adjusts the pH of fluid to 
maintains the effectiveness of 
other components, such as 
crosslinkers  
pH Adjusting 
Agent 
Copolymer of Acrylamide and 
Sodium Acrylate 
Prevents scale deposits in the 
pipe 
Scale Inhibitor 
Sodium Polycarboxylate 
Prevents scale deposits in the 
pipe 
Scale Inhibitor 
Phosphonic Acid Salt 
Prevents scale deposits in the 
pipe 
Scale Inhibitor 
      
Lauryl Sulfate 
Used to increase the viscosity of 
the fracture fluid 
Surfactant 
Ethanol 
Product stabilizer and / or 
winterizing agent.  
Surfactant 
Naphthalene 
Carrier fluid for the active 
surfactant ingredients 
Surfactant 
Methanol 
Product stabilizer and / or 
winterizing agent.  
Surfactant 
Isopropyl Alcohol 
Product stabilizer and / or 
winterizing agent.  
Surfactant 
2-Butoxyethanol Product stabilizer Surfactant 
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